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Abstract
Heteroepitaxial growth of Ge on Si is extremely interesting for at least two rea-
sons: first, it has great potential as a substrate for new, high frequency semicon-
ductor devices, while remaining compatible with existing Group IV technology;
and second, it is a prototypical system for studying strained Stranski-Krastanow
growth.
The technological drawback is that it turns out to be difficult to grow Ge on
Si in a controlled layer-by-layer manner. After a few smooth layers have been
grown epitaxially, the growth then proceeds by the formation of islands. This is
known as the Stranski-Krastanov growth mode. It has been found, however, that
deposition of a single monolayer of As, Sb or Bi onto the silicon surface before
growth of Ge begins, can overcome the problem. The Ge then grows epitaxially
in a two-dimensional mode, while the surfactant (As, Sb or Bi) atoms apparently
rise up through the growing Ge layers and segregate on the top of the film. This
is called surfactant mediated growth (SME).
Surfactant mediated growth of Ge on Si(111) has been well studied in the last
decade. Initial investigations used As and Sb as surfactants. In fact, Ge p-channel
MOSFETs have already been fabricated using the Sb surfactant. However for the
Bi surfactant, the studies were not so thorough.
In the thesis work presented here, we show that Bi is more promising surfac-
tant material than Sb. We demonstrate that by using Bi as a terminating layer
on Ge/Si surface, it is possible to distinguish between Si and Ge in Scanning
tunnelling microscope (STM). Something which was very difficult in the past.
Using this property, it is possible to create Ge/Si nanostructures in a controlled
manner. Moreover, it is also possible to study Ge/Si intermixing in surface layers
in some detail.
Any attempt to utilize surfactant mediated growth must be preceded by a
thorough study of its effect on the the system being investigated. Thus, the third
chapter of this thesis deals with an extensive study of the Bi surfactant mediated
growth of Ge on Si(111) surface as a function of Ge coverage. The growth is
investigated from the single bilayer Ge coverage till the Ge coverage of about 15
BL when the further Ge deposition leads to two-dimensional growth.
In the fourth chapter, the unique property of Bi terminating layer on Ge/Si
surface to result in an STM height contrast between Si and Ge is explained with
possible explanations given for the reason of this apparent height contrast. The
controlled fabrication of Ge/Si nanostructures such as nanowires and nanorings
is demonstrated.
A study on Ge-Si diffusion in the surface layers by a direct method such as
STM was impossible previously because of the similar electronic structure of Ge
and Si. Since with the Bi terminating surface layer, one is able to distinguish
between Ge and Si, the study of intermixing between them is also possible us-
ing STM. This method to distinguish between Si and Ge allows one to study
intermixing on the nanoscale and to identify the fundamental diffusion processes
giving rise to the intermixing. In Chapter 5 we discuss how this could prove useful
especially as one could get a local probe over a very narrow Ge -Si interface. On
one hand it is possible to study the displacement of the Si and Ge atoms when
factors like temperature and deposition rate are varied during growth. On the
other hand, a post growth study like annealing already grown Ge-Si wires over
a period of time could also be performed. A new model is proposed to estimate
change in the Ge concentration in the surface layer with time. The values of
the activation energies of Ge/Si exchange and Si/Ge exchange are estimated by
fitting the experimental data with the model. We were not able to observe any
lateral intermixing even after long time annealing as the Ge-Si interface remained
sharp. A reason for non observation of lateral intermixing could be that while
we are very sensitive to vertical intermixing (∼ 3 A˚), we are not so sensitive to
the lateral intermixing due to the limited lateral resolution in our STM images.
During step flow growth of Ge wires along Si step edges, the step speed is
seen to strongly affect the Ge/Si intermixing. When the Ge steps/wires grow
fast, the Ge atoms which attach to the step in the process of step flow growth,
remain at the growing edge for a short time only before they are covered by newly
arriving Ge atoms at the step edge. Thus the vertical intermixing which occurs
at the growth front (advancing step edge position) is possible for a short time
only. This results a higher concentration of Ge atoms in the surface layer and
therefore a higher apparent height difference between the Si step edge and the
Ge wire. Thus Ge wires grown at faster step speeds appear higher than Ge wires
grown at slower step speeds.
In chapter 5, the Ge/Si intermixing has been studied on a surface having 1
ML Bi (
√
3×√3) reconstruction. In Chapter 6, we discuss the Ge-Si intermixing
on surfaces with different reconstruction, such as the 1/3 ML Bi (
√
3 × √3)
reconstruction and the Si (7× 7) reconstruction. The vertical Ge-Si intermixing
is more in the surface with the Si (7 × 7) reconstruction as compared to the
surface with 1/3 ML Bi (
√
3×√3) reconstruction. This is due to the reason that
the Bi layer inhibits Ge atoms from exchanging with Si substrate atoms during
Ge growth.
In the last chapter, an attempt has been made to elucidate the need for uti-
lizing two dimensional Bi surfactant Ge/Si surfaces for industrial applications as
transistors by demonstrating the quick, efficient and complete removal of Bi sur-
factant monolayer from thick Ge layers by ion beam sputtering without damaging
the underlying Ge/Si layer.
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Chapter 1
Fundamentals in Epitaxial
Growth
1.1 Thin film growth
The oriented growth of a crystalline film on a single-crystal substrate is referred to
as epitaxy. Homoepitaxy is when both film and substrate are of the same material
while heteroepitaxy is the growth of film of a material which is different from the
substrate. The film growth is controlled by the interplay of thermodynamics and
kinetics.
There are three main growth modes as shown in figure 1.1. They are :
(a) Layer - by - layer, or Frank-van der Merve (FM) growth mode refers to
the case when the film atoms are more strongly bound to the substrate than to
each other. As a result, each layer is fully completed before the next layer starts
to grow, i.e., strictly two-dimensional growth takes place.
(b) Island, or Vollmer-Weber (VW) growth mode corresponds to the situation
when film atoms are more strongly bound to each other than to the substrate. In
this case, three-dimensional islands nucleate and grow directly on the substrate
surface.
(a) (b) (c)
 
Figure 1.1: Schematic representation of the three main growth modes: (a) Layer-
by-layer growth, (b) Island growth, (c) Layer plus island growth.
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(e)
(f) (a)
(b)
(c)
(d) 
 
Figure 1.2: Schematic representation of the different fundamental processes oc-
curring during epitaxial growth:(a) diffusion on the terrace, (b) island nucleation,
(c) attachment of atoms at islands, (d) detachment of atoms from islands, (e) at-
tachment at a step, (f) desorption from the terrace.
(c) Layer-plus-island, or Stranski-Krastanov (SK) growth mode represents the
case where there the growth has to occur in accordance with both the surface
energy as well as strain energy considerations. After the formation of a complete
two-dimensional layer, the growth of three-dimensional islands takes place.
The main fundamental processes involved in the formation and growth of is-
lands are illustrated schematically in figure 1.2. Atoms arrive from the gaseous
phase and become accommodated at the surface as adatoms. Adatoms migrate
over the surface until they are lost by one of the following processes. First, they
might be re-evaporated, if the substrate temperature is high enough. Second,
adatoms might become captured by existing clusters or at defect sites such as
steps. Third, adatoms might combine with one another to form a cluster. These
small clusters are metastable and often decay back into individual atoms. How-
ever, when the cluster grows in size, it becomes more stable and the probability
of its growth is greater than the probability of decay. The critical island size is
defined as the minimal size when the addition of just one more atom makes the
island stable.
1.2 Ge/Si growth
In epitaxial growth, if the surface free energy of the substrate is greater than
the sum of the surface free energies of the growing film and the interface, the
growth should be layer-by-layer growth. However, even though this condition is
satisfied in case of Ge growth on Si substrate, the growth is not layer-by-layer
due to the additional influence of the strain energy of the Ge film. The lattice
mismatch between Ge and Si is 4.2 % and this results in growth mode of the
Stranski Krastanow growth type [1, 2, 3]. Ge has a lower surface energy than Si,
and it wets Si in the initial stages of growth and grows as a pseudomorphic two-
dimensional wetting layer until around 2-3 bilayers (1 bilayer =1 BL = 0.31 nm).
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The growth of an epitaxial wetting layer results in a tetragonal deformation of
the epilayer, which elongates the lattice parameter in the perpendicular direction,
in order to compensate the shrinkage in the parallel direction due to the larger
lattice constant of Ge. The Germanium layer on Si (111) is under compressive
stress that increases with increasing layer thickness. At around 3 bilayers, the
formation of 3D islands is energetically more favorable than the two-dimensional
film. The 2D to 3D growth mode transition occurs when the energy lost by
increasing the surface energy (in forming 3D islands) becomes lower than the
energy which will be gained by decreasing the bulk strain energy through elastic
relaxation of 3D islands. In conventional MBE, a suppression of 3D islanding is
possible by growing with high fluxes at low temperatures. Under such conditions
growth is dominated by kinetics, and far from equilibrium conditions. The high
flux of incoming adatoms leads to initiate the formation of high density of 2D
islands due to reduced diffusion lengths. This provides numerous adatom capture
sites and thus prevent 3D islanding. However, the low temperature growth results
in poor epitaxial quality of the film.
1.3 Ge/Si growth using surfactants
In 1989, Copel et al, introduced a new method to modify Ge/Si and Si/Ge growth
in such a way that the growth proceeds in a layer-by-layer mode instead of SK
mode and the good epitaxial quality of the film is also maintained [4]. The method
involved use of a third element called a surfactant during heteroepitaxial growth.
The Si substrate was terminated by a single monolayer of surfactant prior to the
Ge film growth. The surfactant removed the usual reconstruction of the surface
and produced simpler reconstruction, which was chemically passivated. In those
reconstructions, the dangling bonds of the substrate atoms were saturated by the
additional electrons of the surfactant atoms, producing low-energy, chemically
unreactive surfaces. The surfactant therefore tended to float on top of the film
without significant incorporation in the underlying film. The incoming Ge or Si
adatoms exchanged with the surfactant and incorporated in subsurface sites thus
resulting in a decrease in surface mobility.
Surfactants not only modify surface energetics, they also modify the growth
kinetics by suppressing effective adatom diffusion. Few years later, Voigtla¨nder
et al, performed experiments on homoepitaxy of Si by using various surfactants
such as Sb, As, and Ga to study the influence of different surfactants on the
growth kinetics of Si on Si(111)[5]. A study on homoepitaxy was preferred as it
offered an opportunity to study solely the influence of surfactants on growth, while
other effects like strain which influence growth in heteroepitaxy were not present.
STM experiments showed an increased density of 2D Ge islands for surfactant
mediated growth using Sb or As, compared to growth on clean Si surface. Figure
1.3 shows the part of the periodic table for elements which are generally used as
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Figure 1.3: Part of the periodic table showing elements which are generally used
as surfactants.
surfactants. It was observed that elements of group III and IV as surfactants (eg.
In) enhanced the effective diffusivity in Si homoepitaxy and lead to 3D islanding
in Ge/Si heteroepitaxy. On the other hand, elements of group V and VI (eg.,
Sb, As) reduced the effective diffusion length in Si homoepitaxy which lead to a
suppression of 3D islanding in Ge/Si heteroepitaxy. It was concluded that due
to the decreased effective diffusion length, material transport over large distances
which was necessary for 3D islanding was suppressed. A study on surfactant
mediated epitaxy of Ge on Si(111) using Sb at different growth temperatures
revealed that SME at higher growth temperatures leads to 3D islanding similar
to 3D islanding in Ge growth on clean Si. Together with model experiments of
Si/Si(111) homoepitaxy, these results showed that three - dimensional islanding is
suppressed by kinetically limited growth due to reduced effective diffusion length
in surfactant mediated growth. Thus the underlying assumption is that even with
surfactants, the true equilibrium state of the system is that of 3D islands. The
role of the surfactant in this case, is to induce layer by layer growth kinetically
and to make the approach to equilibrium longer than realistic time scales.
On the other hand, there is another school of thought on the effect of sur-
factant on the adatom kinetics [6]. They insist that a reduced diffusion length
is not necessary in order to explain either the experimentally observed higher
density of small 2D islands in surfactant mediated growth or the suppression
of 3D islanding. It is assumed that deposited adatoms move rapidly across the
passivated surface. The surfactants are said to passivate not only the terrace
but also the step edges, which reduce the incorporation probability of adatoms.
Thus, although in this scenario the diffusion length is much larger than the ter-
race width, homogeneous nucleation of islands on the terrace can take place, in
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spite of a high activation barrier for exchange.
This scenario of effectively reduced diffusion as the effect of surfactant on
the kinetics of adatoms is the most commonly agreed in SME. The probability
of an exchange is comparable to the probability of a diffusion hop (i.e., Ed ≈
Eex). This has been supported by ab initio total energy calculations where the
effective diffusion was determined by reexchange process. The Si adatoms, which
have exchanged with adatoms of the surfactant and incorporated beneath the
surfactant layer, can reexchange with the surfactant adatoms and diffuse on the
surface with an effective diffusion length determined by the activation energy for
reexchange (Erex).
Although the initial choice of the surfactant material for Ge/Si system was
As, it was soon replaced by Sb. This was due to the reason that while Ge
films grown with As as a surfactant has V-shaped defects, the threading defects
introduced during the initial phase of strain relief in Ge films grown with Sb self-
annihilated upon continued growth. The strain in the Ge film was largely relieved
by formation of a dislocation network confined to the Si/Ge interface. The bulk
Ge film was defect-free. However, the present choice for a good surfactant is
Bi. Using Bi also, there is formation of an interfacial dislocation network which
relieves the misfit strain in the Ge layer on Si(111). The Ge film is relaxed and
grows in layer-by-layer mode. One of the additional advantages that Bi offers
is its very low solubility in Si and Ge (about three orders of magnitude lower
than for Sb). The other advantage is that the Bi monolayer can be completely
removed from the surface of the Ge/Si film by atomic layer sputtering using Xe
ions.
The periodic strain relieving dislocation network which is created at the Si/Ge
interface is an efficient way of relieving this lattice mismatch induced strain [7].
The network consists of 3 sets of parallel dislocations along < 110 > directions
(Burgers vectors of 1/2 [101] type). Each set of dislocations is rotated by 120 0
with respect to each other. The dislocations of each set have a mutual distance
of ∼100 A˚. These dislocations induce an elastic distortion in the surrounding
crystal, which propagates through the Ge film to the surface. Due to these buried
dislocations, we observe with STM, a regular network of surface undulations
with subatomic amplitude. A recent study shows that the average strain of
heteroepitaxial layers alone is not sufficient to describe their degree of relaxation
and that not only the formation but also the ordering of misfit dislocations can
be regarded as an elastic energy relaxation mechanism [8].
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Chapter 2
Experimental techniques
2.1 Growth
Single-crystal Si (111) substrates (1 ×1019 Sb atoms/cm 3 doping) and tungsten
tips were externally prepared and then inserted into our UHV system which
comprises of four main chambers for growth, analysis, tip preparation and a load
lock chamber. The substrate and tip were cleaned in situ by heating by passing
electrical current through them. A picture of the STM chamber is shown in figure
2.1.
2.1.1 Molecular beam epitaxy
Molecular beam epitaxy is a sophisticated form of vacuum evaporation in which
atomic or molecular beams are directed at carefully prepared single crystal sub-
strates in a very clean UHV system. Within the ultra-high vacuum, the free
atoms have a long mean-free path and collisions with other atoms are infrequent.
Atoms from the sources are able to travel in a straight line until they collide with
the substrate material. As deposition source, we employ a Knudsen cell for Bi
and a pseudo Knudsen cell for the deposition of Ge and Si.
A Knudsen cell is shown in figure 2.2. They are used when high constant
evaporation rates are required. A Knudsen cell utilizes the principle of molec-
ular effusion. In the cell, the graphite crucible is surrounded by a heater. The
material to be deposited emerges from the aperture in a cosine distribution of
flux, provided the aperture is small enough. The deposition rate is extremely
stable, being determined by the temperature of the furnace which is monitored
by a thermocouple. To start and stop deposition, a movable shutter located near
the cell aperture is used.
15
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Figure 2.1: The STM chamber.
 
Figure 2.2: A Knudsen cell.
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2.1.2 Deposition monitors
We use two deposition monitors, the quartz crystal thickness monitor (QCM)
and the Sentinal III alloy deposition controller. The QCM consists of a quartz
crystal which vibrates at its fundamental frequency f which depends on the crystal
thickness d as
f = N/d, (2.1)
where N = 1.67 × 106 Hz mm. That frequency (usually 5 - 10 MHz) is stable at
a fixed temperature until the crystal’s mass changes.
The Sentinal is a high-precision instrument used for measuring film thick-
ness and controlling the deposition rate in specialized vacuum processes. It can
monitor and control the vapor flux, phasing and ratio for two materials in alloy
deposition. It can also control the evaporation of Group IV materials in MBE
applications. It is especially suited for conditions when deposition rates are low
over an extended period of time, as in MBE. The system can independently con-
trol simultaneous evaporation of elements from two separate sources as well as
sequential evaporation of two elements.
The measurement principle is based on the EIES (Electron Impact Emission
Spectroscopy) method. By this method, the vapor emerging from the evaporation
source enters the sensor, where the vapor particles are bombarded by the electrons
of a low-energy electron beam. Some of the atoms are excited by the collisions,
whereby the electrons in the outer shell of these atoms undergo inelastic collisions
with this beam energy level. Almost immediately these outer shell electrons
cascade back to their ground state energy level, emitting photons of specific
wavelengths as they do so (The wavelengths are unique to the atomic species).
The light intensity of any material- the number of photons it emits- is directly
proportional to its number density in the sensor. The conclusion is that light
intensity can be used to measure evaporation rate. This physical relationship
is used to determine the exact deposition rate of the material by measuring the
light intensity at specific wavelengths. In this way, the vapor flow for one or two
coating materials can be quantitatively monitored and controlled by the Sentinal
with extremely high accuracy.
The operation is quite simple. The sensor converts the flux density of the
evaporated material into a proportional photo emission. The photons produced
arrive at a special feedthrough in the vacuum chamber and there pass through
a vacuum-tight saphire window that ensures maximal transmission in the visible
and near UV region. Outside the vacuum chamber, the wavelengths of particular
interest are separated out by a narrow-band interference filter or by a grating
monochromator. The photon intensity at a specific wavelength is then converted
into a proportional electrical voltage in photomultiplier tube. Figure 2.3 shows
the EIES Sensor Geometry as well as a schematic representation of the Sentinal
unit.
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Figure 2.3: (a) EIES sensor geometry, (b) Schematic representation of the Senti-
nal unit.
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Figure 2.4: Beetle STM.
2.1.3 Temperature measurement
The temperature is measured using a non-contact, infrared thermometer from
IRCON. The range of temperatures that it can measure is 450 °C - 1500 °C. The
operating principle is based on the fact that all surfaces emit thermal radiation.
The type and amount of this energy can be used to determine the surface temper-
ature of the object. The thermometer detects radiation at infrared frequencies
and focusses it onto a sensor. An internal microprocessor calculates and displays
the temperature on an LCD screen. In order to perform experiments in the tem-
perature range 400°C to 450°C, a calibration experiment was performed. The
temperature of the Si substrate was measured by the pyrometer as a function of
the applied heating power in the range 450 °C - 1000 °C. The data points were
fitted by a parabolic curve and an extrapolation of the parabolic curve to 400°C
was used to control the substrate temperature in the range 400°C to 450°C.
2.2 Scanning tunnelling microscopy
The scanning tunneling microscope (STM) is the ancestor of all scanning probe
microscopes. It was invented in 1982 by G. Binnig and H. Rohrer at IBM Zurich.
Four years later they were awarded the Nobel prize in physics for its invention.
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In the technique of STM a very sharp metal tip is brought very close (5 - 10
A˚) to a conducting surface. When a bias voltage is placed across the tip - sample
junction, electrons quantum mechanically tunnel across the gap and produce a
measurable tunnelling current (typically from 0.1 nA to 10 nA). The tunneling
current density j is given by :
j =
D(V )V
d
exp(−Aφ1/2d), (2.2)
where d is the tunneling gap, D(V) reflects the electron state densities, A is
a constant, and φ is the effective barrier height of the junction. This current
has an exponential dependence on the tip sample separation, resulting in atomic
resolution of surface features. The sharp dependence of the tunneling current
on the gap width determines the extremely high vertical resolution of STM.
Typically, a change of the gap by 1 A˚ results in a change in the current by an
order of magnitude. The lateral resolution of the STM is determined by the
fact that up to 90 % of the tunneling current flows through the gap between the
last atom of the tip and the atom of the surface, which is closest to it. Surface
atoms with an atomic separation down to ∼ 2 A˚ can be resolved. During image
acquisition, the tip scans across the sample using x-y piezoelectric elements and
a feedback loop adjusts the tip height in order to maintain a constant current.
Then the tip height signal is displayed resulting in an STM image, which contains
both topographic and electronic information.
2.2.1 STM mechanics
Our home-built STM is of the Besocke beetle type [9, 10] and uses ramps for
coarse approach as shown in figure 2.4. It consists of four piezo-tubes. The
three outer piezos are mounted on a base plate and have a sapphire ball fixed
to the other end of the piezo. A cylindrical ramp ring whose bottom is divided
into three equal-angled ramps, supports the sample and rests on these outer
piezos. By applying an appropriate sawtooth signal, it is possible to bend the
three piezos. In this way the sample can be translated in x-y directions and also
rotated. The slope of the three ramps induces a downward motion of the sample.
A rotation of 1200 corresponds to a z motion of 0.5 mm. The rotation of the
ramp is used to move the sample in the z-direction towards or away from the
tip. Coarse approach is usually done manually, under visual control using an
optical microscope. (Since STM sample surfaces are very smooth, a reflection of
the tip can be seen on the surface, when the tip approaches the sample surface).
The fine z approach is carried out by the fourth central piezo-tube scanner which
holds the tip. The tip is moved towards the sample until a tunneling current is
measured. Imaging of the surface is then achieved with the central piezo which
scans the surface laterally in the constant current mode. The images are taken
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Figure 2.5: A piezoelectric tube.
in this mode at sample bias voltages between 2 to 3 V and a tunneling current
between 0.1 to 1 nA.
PZT (Pb(Ti,Zr)O3) is a piezoelectric ceramic widely used as an electrome-
chanical transducer to obtain the x-y motion and the coarse approach. The tube
is coated on the outer side by four electrodes parallel to its axis and a single
electrode inside. Figure 2.5 shows a drawing of the tube scanner. When voltage
is applied to a single outside electrode, the tube bends away from that electrode,
perpendicular to its axis. Orthogonal x-y motion is thus obtained. Motion in the
z-direction is obtained by applying voltage to the single inside electrode which
causes a uniform expansion of the tube.
Achieving an effective vibration isolation is one of the critical elements in
STM design. For this purpose, the microscope is suspended by three springs, its
oscillations are damped by an eddy current damping mechanism. The support-
ing springs act as an effective damping mechanism for acoustic noise while the
UHV chamber is decoupled mechanically from the ground by damped air springs
to mainly prevent low-frequency noise. The basic idea is to make the internal
resonance frequencies of the STM very high, and to mount it on a support with
a very low resonance frequency. The support will follow only the low-frequency
building vibrations and suppress most of the high-frequency components. The
STM in turn will not be disturbed by the remaining low-frequency vibrations,
because they do not introduce any internal motions into the STM (it just moves
as a whole).
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Figure 2.6: A schematic of the feedback system of an STM.
2.2.2 STM electronics
The tunneling current (0.1 nA - 10 nA) is converted into a voltage by a current
amplifier. As the current is exponentially dependant on the tip-sample distance,
in order to get a linear response with respect to the tunneling gap the signal is
processed by a logarithmic amplifier. The output of the logarithmic amplifier is
compared with a reference voltage which represents the set point of the tunneling
current. The error signal is passed to feedback electronics, which applies a volt-
age to the z piezo to keep the difference between the current set point and the
tunneling current small. If the tunneling current is larger than the preset current,
then the voltage applied to the z piezo tends to withdraw the tip from the sample
surface, and vice versa. A schematic illustration of the STM electronics set up
is shown in figure 2.6. The feedback electronics contains high voltage amplifier
and an integration circuit composed of A/D and D/A converters with computer
control. The voltage applied to the z piezo is recorded as the topographic image.
2.2.3 Tip preparation
Preparation of a tip is crucial factor in the realization of a successful STM experi-
ment. We use tungsten as the tip material because an extremely sharp tip can be
obtained in a single electrochemical step using fairly mild chemicals. The draw-
back is that due to its poor resistance to oxidation, the tungsten tip will most
likely undergo surface contamination. However, a proper annealing treatment in
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UHV can provide a quick and efficient solution to this problem. Electrochemical
etching of a metal wire is a routinely used technique to generate good STM tips
[11]. The tungsten wire is put into a solution of NaOH and kept on a positive
potential towards a counter electrode. The etching process takes place predomi-
nately close to the surface of the solution. When the neck is thin enough the wire
fractures due to its weight. Thus actually two tips are produced. The tip has to
be cleaned with deionized water and pure ethanol. The purpose of this step is to
remove residues left by the etching process. The tip should then be gently dried
with clean compressed nitrogen gas. The tip is then mounted on a tip holder
and transferred via load lock into the tip preparation chamber. Most often the
tip is covered with an oxide layer and contaminations from the etchant and is
also not sharp enough. Heating the tip at high temperatures in UHV is a very
efficient way to desorb the contamination layer. For this purpose, a direct current
is applied between the tip and a tungsten filament which is placed such that it
touches the tip perpendicularly near the tip apex. The current is increased till
we observe a bright orange glow which probably corresponds to a temperature
close to 1300 K.
Monitoring the field emission current drawn from our tungsten tips as a func-
tion of the applied voltage is a convenient way to characterize the sharpness of
our tips. Inside the chamber, an oxygen-free copper/gold plate is brought above
the tip until the tip-plate distance is about 5 mm. This plate serves as the anode
collecting the field emitted electrons. This current be detected outside the cham-
ber. For a given applied voltage, a smaller tip apex radius will yield a higher field
emission current. In other words, for a tip to emit a predetermined current value,
the required voltage will be lower in the case of a tip with a small apex radius
than in the case of a tip with a larger apex radius. Our sharpness test consists
in slowly increasing the tip bias until a field emission current of 1 nA can be
extracted from the tip. The voltage value allowing this current to be reached is
thus a good indication of how sharp the tip is. In practice, we have found that the
tips which could emit a current of 1 nA for an applied voltage smaller than 600
V were suitable candidates for STM studies. These tips were then transferred to
the STM chamber where they were tested on a clean reconstructed Si(111) (7×
7) surface to see if the STM images revealed the (7×7) reconstruction.
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Chapter 3
Ge/Si surfactant mediated
growth
In a detailed study of the action of the Bi surfactant on the surface morphology
of Ge on Si(111) we find a unique strain relief spread mechanism. This is quite
different from the well known Sb-mediated epitaxy [12, 13, 14]. We also compare
growth behavior between simple Ge/Si epitaxy and surfactant mediated epitaxy
(SME). In both epitaxies, Ge mesas form on top of the wetting layer. These
Ge mesas are relaxed 3D Ge islands having strain relieving dislocation network
at their bases. In contrast to simple epitaxy, these Ge mesas in SME coalesce
completely at 15 BL coverage.
3.1 Ge/Si growth with Bi surfactant
3.1.1 The Bi/Si(111) surface
When Bi is deposited on the clean Si (111)-7 × 7 substrate at 500 °C, a Bi
induced (
√
3 × √3) R300 structure is formed [15]. Our deposition conditions
result in the 1 ML coverage phase of Bi on Si. Figure 3.1(a) shows a STM image
of the Si(111) substrate covered by 1 ML Bi. We see several single bilayer (BL)
height Si islands and also a few double bilayer height Si islands. The surface area
covered by these islands is 7%. The area between these islands is smooth and
there seem to be no pits.
Previous STM studies on the study of mass transport and resulting morpho-
logical changes during antimony deposition have explained the formation of Si
islands by the larger number of Si atoms at the Si(7 × 7) surface compared to the
number of Si atoms below the Sb reconstructed surface [16]. During the change
of the surface reconstruction the corresponding number of Si atoms is released
and gives rise to nucleation of two-dimensional islands. The same reasoning ap-
plies to the case of Bi. The observed islands are formed due to Si mass transport
25
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Figure 3.1: (a) STM image of the surface after 1 ML of Bi deposited on a Si(111)-
7 × 7 substrate at 500 °C. Due to the change of the reconstruction induced by
the surfactant, the excess Si atoms form 1 BL and 2 BL height Si islands. Scan
size: 2800 A˚× 2800 A˚. (b) Line scans over 1 BL and 2 BL height Si islands 1 and
2 having average diameter of 100 A˚ and 80 A˚ respectively.
during the reconstruction change induced by the Bi atoms at the surface. As a
starting template therefore, before the deposition of Ge, we have a surface having
1 BL and 2 BL Si islands, covered by Bi. Each island has a capture zone around
it and when atoms arrive within this zone they are incorporated in that island.
For a 2 BL island to expand laterally, double the number of atoms is required as
compared to the 1 BL island. Therefore the 2 BL islands are laterally smaller
than 1 BL islands.
Figure 3.1(b) shows line scans over a single BL and a double BL Si islands
(marked as ’1’ and ’2’ in figure 3.1(a) respectively). When Ge will be deposited
on this template, the Bi atoms will exchange sites with the Ge atoms and a
single ML of Bi will always float on the top of the surface as observed in several
surfactant-mediated growth systems [4, 17, 18]. Thus when we discuss islands or
the wetting layer we should keep in mind that a single atomic layer Bi is always
covering them.
3.1.2 Flat pseudomorphic Ge layer
The surface morphology when 1.1 BL Ge is deposited on the Bi covered Si is
shown in figure 3.2. It is well known from other studies of surfactant mediated
epitaxy [4, 5, 14] that on surfactant surfaces, there is a lower effective mobility for
diffusing Ge atoms compared to surfaces without surfactants. The lower effective
Ge mobility and possibly the higher barrier to edge diffusion may be responsible
for the irregular shape of islands.
Figure 3.3(a) shows the STM image of a large terrace when 2.07 BL Ge
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Figure 3.2: The surface morphology when 1.1 BL Ge is deposited on Bi covered
Si(111). Scan size: 5700 A˚× 5700 A˚.
is deposited. This is the surface just before the onset of any strain-relieving
dislocation network. We observe that as compared to the 1.1 BL coverage, the
surface morphology has changed considerably. Thread-like trenches, of an average
depth of 1.7 A˚ and an average inter-trench spacing of 150 A˚, cover the surface.
However unlike the regular hexagonal network of trenches as seen in Sb mediated
SME on Si(111) [19] these trenches have an irregular network. Trench formation
is attributed to the compressive strain in the Ge layer. Trenches, consisting
of missing atoms, are considered to be the first step towards strain relief [13].
Existing compressive strain is partially relieved by the formation of trenches,
which allow an outward relaxation of atoms around them. Trenches are present
preferably in regions devoid of depressions. Small, bilayer height Ge islands are
seen scattered on the wide terrace. The islands are less than 300 A˚ in width and
are strained. Trenches surround these islands and relieve some of their strain.
In comparison with the 1.1 BL coverage, the number density of islands seems
to have increased whereas island size is reduced considerably. Depressions are
observed on the terraces and are due to the previously discussed Si islands.
In the STM image of fig. 3.3(b), islands at the step bunches at the same 2.07
BL Ge coverage are observed. The step bunches are a consequence of an elec-
tromigration effect during the high temperature current cleaning of the Si(111)
substrate. These islands are 1 or 2 BL high (above the wetting layer) and have a
comparatively larger lateral size. They have sub-angstrom height undulations on
their surface due to a dislocation network existing at the Si/Ge interface, which
leads to a strain relaxation of these islands. This is an interesting observation and
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Figure 3.3: (a) STM image of a large terrace when 2.07 BL Ge are deposited on
Bi covered Si(111). This is the surface just before the onset of the formation of
strain relieving dislocation network. Note that none of the islands has surface
undulations and trenches surround all of them. Depressions can be seen in regions
devoid of trenches. Scan size: 5000 A˚× 5000 A˚. (b) STM image at step edges at
2.07 BL Ge coverage. The 1 and 2 BL height islands (indicated by arrows) near
the step edges have sub angstrom height undulations on their surface. This shows
islands at step edges are relaxed while those on the terraces are still strained. Scan
size: 4600 A˚× 4600 A˚. (c) STM image at 2.25 BL Ge coverage. The region near
the step edge shows that islands having the dislocation network initially appear
at the step edges and later move towards the lower terraces. Scan size: 400 A˚×
400 A˚. (d) STM image of a large terrace when 2.25 BL Ge are deposited on Bi
covered Si(111). Irregularly shaped mesa-like islands can be seen on top of the
2 BL wetting layer having heights ranging from 3 to 9 A˚. All these islands have
the sub-angstrom height undulations on their surface. Scan size: 5500 A˚× 5500
A˚.
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implies that the dislocation network initially appears at the step edges and then
progresses during growth to the lower terraces. The dislocations initially nucleate
near the step edges because it is easier for them to glide to the Si/Ge interface
via steps where they have to pass through only one BL Ge compared to terraces
where they will have to pass through two BL Ge. With these observations we
conclude the thickness of the flat pseudomorphic wetting Ge layer in Bi-SME to
be 2 BL.
3.1.3 Relaxed mesa-like islands
Fig. 3.3 (c) shows the islands near the step edges for the next higher Ge coverage
of 2.25 BL and here we observe the dislocated islands spreading from the step
edge to the lower terrace. Fig. 3.3(d) shows the surface morphology of a wide
terrace of sample having 2.25 BL Ge coverage. We observe Ge islands having
irregular shapes and large (more than 1000 A˚) flat top surfaces having heights
ranging from 1-3 BL. We name such Ge islands Ge mesas. Basically, mesas are
structures which have a flat top surface and whose side facets are very steep.
These Ge islands have a broad and flat top surface and their side facets are very
steep. In fact, the lateral extension of the slope of the side facet is much smaller
than the lateral width of the top facet. Thus the name Ge mesas aptly suits these
flat topped Ge islands.
All these mesas, including those of only 1 BL height above the wetting layer,
show sub-angstrom height undulations at their surface. This implies that the
strain relieving dislocation network has already started to form at the Si/Ge in-
terface beneath the Ge mesas. The observed reduction in island density compared
to the previous 2.07 BL coverage can be explained as follows. Atoms detach from
the strained smaller islands and attach to larger islands where the strain is re-
lieved by formation of dislocation network, which appear only after the islands
have reached a certain critical lateral size. The location of this strain reliving dis-
location network is the Si/Ge interface. The network consists of 3 sets of parallel
dislocations along < 110 > directions (Burgers vectors of 1/2 [101] type). Each
set of dislocations is rotated by 120 0 with respect to each other. The dislocations
of each set have a mutual distance of ∼100 A˚. The elastic distortions due to these
buried dislocations give rise to a regular network of surface undulations with sub
angstrom amplitude.
In Figure 3.4, we show the change in the surface morphology as a function
of the Ge coverage. The strain relieving dislocation network spreads laterally in
the Ge/Si interface with increasing lateral size of the islands. Fig. 3.4(a) is the
surface after deposition of 3 BL Ge. The islands cover around 35% of the total
surface area and have heights ranging from 6 to 12 A˚ . Trenches of 1 to 2 BL
depth are also seen around and between some islands. No trenches of this type
were seen in the previous coverage of 2.25 BL. All the islands have surface height
undulations (not visible in fig. 3.4 due to the large image size). At 4.25 BL Ge
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Figure 3.4: (a) The islands at 3 BL Ge coverage are having heights ranging from
6 to 12 A˚. The islands cover around 35% of the total surface area. Trenches are
also seen around and between some islands. No trenches of this type were seen
in the previous coverage of 2.25 BL. All islands have surface height undulations.
Scan size: 5700 A˚× 4200 A˚. (b) The islands at 4.25 BL Ge coverage are having
heights ranging from 8 to 17 A˚. The islands cover around 70% of the total surface
area. Trenches are still seen around and between some islands. All islands have
surface height undulations. Scan size: 5700 A˚× 4200 A˚. (c) The islands at 7.5
BL Ge coverage have average height of 30 A˚. The islands cover around 83% of the
total surface area. Trenches are nowhere on the surface. All islands have surface
height undulations. Scan size: 5700 A˚× 4200 A˚.(d) The line scans of each image
are on the right hand side and show that with increasing Ge coverage, the islands
increase in height and lateral dimensions.
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Figure 3.5: STM image of the post-growth annealed 2.25 BL Ge/Bi/Si(111)
specimen. Irregularly shaped mesa-like islands of the pre-annealed surface are
transformed to 40 A˚ and 120 A˚ high facetted islands (designated as ’1’ and ’2’
respectively). The 40 A˚ islands have the sub-angstrom height undulations on
their surface (not seen in the image due to high contrast). The surface area
covered by islands reduces to 14%. Scan size: 5500 A˚× 5500 A˚. (b) The line
scans of the islands ’1’ and ’2’ are also shown. The hump in the line scan of
island ’2’ is due to an overshoot of the tip due to the feed back loop.
coverage, the surface morphology is as shown in fig. 3.4(b). The islands now
cover around 70% of the total surface area and the islands heights range from 9
to 18 A˚. Trenches are still seen around and between some islands. Fig 3.4(c) is
the surface morphology on deposition of 7.5 BL Ge. The islands at this coverage
have an average height of 30 A˚. They cover around 83% of the total surface area.
Trenches are nowhere on the surface.
The line scans of each of these coverage can be seen in fig.3.4(d). They
show that with increasing Ge coverage, the islands increase in height and lateral
dimensions. As Ge coverage increases even more, these mesa-like islands increase
in height and coalesce into larger islands. With this unique growth behavior
they induce a dislocation network at the interface of the entire film (by spreading
laterally) and thus reduce the strain due to lattice mismatch. The dislocation
network can prominently be seen on all the islands. We do see a feature that is
only present in the intermediate coverage. Trenches of 1 to 2 BL depth are seen
around and between some mesas from 3 BL coverage onwards as can be seen in
fig.3.4(a) and 3.4(b). These trenches completely disappear at the Ge coverages
higher than 5 BL. Such trenches have also been observed previously and their
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formation around an existing island is attributed to its role as a catalyst for
further island nucleation [20] . It is not clear however why these trenches are not
present at low Ge coverages and only appear for intermediate coverages and then
disappear with further Ge deposition.
We performed post growth anneal of 2.25 BL Ge/Bi/Si specimen (fig. 3.3(d))
at a temperature of 560 °C for 1.4h under continuous Bi flux. The resulting
change in the surface morphology is shown in the STM image of fig. 3.5.
The line scan shows the steep side facet of the islands. The surface area
covered by islands reduces from 28 % to 14 %. Most of the islands are about 40
A˚ high (island ’1’) and have surface height undulations (not seen in the image) and
few like island ’2’ are about 120 A˚ in height. In comparison with the islands of the
pre-annealed surface, these islands are clearly facetted. The change in the surface
morphology shows that the equilibrium minimum free energy configuration, even
in presence of a surfactant, is a rough surface where 3D islanding is the preferred
mode of strain relaxation.
3.1.4 Final flat Ge layer
Fig. 3.6 is the STM image after deposition of 15 BL Ge on the Bi covered Si(111).
By this coverage the mesas have completely coalesced and formed a smooth
2D Ge film. All islands in this image are single BL height Ge islands on a compact
15 BL thick Ge film. Height undulations on the film surface are very weak now.
Further Ge deposition continues the growth in 2D-layered mode.
3.2 Ge/Si growth without surfactant
The growth of Ge on Si(111) is well studied [3, 4, 21]. Ge grows pseudomorphically
on Si till about 2.5 BL. When additional Ge is deposited, 3D islands are formed.
Two types of 3D islands are generally observed: tall islands and flat islands. The
tall islands have a high aspect ratio and the Ge atoms in the upper layers relax
elastically to achieve the Ge lattice constant. The flat islands have a smaller
height and are assumed to be partly relaxed [21]. They have a broad and flat top
surface and their side facets are steeper than the side facets of the tall islands.
Moreover the lateral extension of the slope of the side facet is much smaller than
the lateral width of the top facet. Thus we can call such flat 3D islands as mesas.
To understand why the broader flat islands form we study these islands in
more detail. In fig. 3.7(a), we show a Ge mesa in early stage of Ge growth on a
clean Si(111) surface. The Ge coverage here is 3 BL and the island height is 40
A˚. On the surface of this island, a sub-angstrom height undulation can clearly be
seen.
A closer look to the island in fig. 3.7(b) shows both the Ge- (7 × 7) recon-
struction and the surface undulation on the island surface. This formation of an
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Figure 3.6: By 15 BL Ge coverage, all mesa-like islands have completely coalesced.
Only one-bilayer height islands are present. The surface is smooth and covered
all over by sub-angstrom height undulations. In this image, scan size is 1 µm
× 1 µm, which makes it difficult to distinctly observe the undulation network.
Moreover by this coverage, the height of the surface undulations has reduced
considerably due to overlapping of strain fields. Further Ge deposition would
lead to 2D layer-by layer growth.
interfacial dislocation network below the broad Ge islands is a clear indication
for strain relief in the islands. This observation also implies a clear similarity
between the broad, flat Ge 3D islands in simple epitaxy and the Ge mesas in the
surfactant mediated growth.
3.3 Comparison between Ge/Si epitaxy and Ge/Si
surfactant mediated epitaxy
We now compare the morphology of the flat Ge islands in simple Ge/Si epitaxy
with Ge mesas observed in surfactant-mediated epitaxy. Fig. 3.8(a) shows a STM
image of 5 BL Ge deposited on Si(111) in Bi-SME and fig 3.8(b) shows an image
of a surface on which 5 BL Ge are deposited on a clean Si(111) substrate in simple
epitaxy. Let us comment on the Ge islands formed due to simple epitaxy. Two
types of 3D Ge islands are observed: narrow and tall islands having 300 A˚ height
(marked as ’3’) and broad and flat Ge mesas having a much lower height of 70
A˚ (marked as ’2’). The surface area covered by these islands is 17%. The tall
3D islands having 300 A˚ height (therefore high aspect ratio) can partially relieve
strain by outward relaxation at the cost of an increase in surface area. Comparing
the Ge mesas in simple Si/Ge epitaxy and SME at the same 5 BL coverage, we
observe that the Ge mesas in SME are of the same size laterally as Ge mesas of
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Figure 3.7: (a) STM image of a Ge mesa when 3 BL of Ge is deposited on a
clean Si(111) substrate in simple Ge/Si epitaxy. Sub-angstrom height surface
undulations can be clearly seen and are a result of periodic dislocation network
at the base of the island. Scan size: 2200 A˚× 2200 A˚. (b) A closer look shows
that the Ge island top has the 7 × 7 reconstruction and surface undulations.
Scan size: 1300 A˚× 1300 A˚.
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Figure 3.8: (a) STM image of the 5 BL Ge deposited on Bi covered Si surface
in SME. Surface is covered by Ge mesas, which cover 80% of the total surface
area. The maximum island height is 24 A˚. Line scan of an arbitrary island ’1’
is taken for comparison. Scan size: 1 µm × 1 µm. (b) STM image of the 5 BL
Ge deposited on clean Si(111)-7 × 7 surface in simple epitaxy leads to formation
of two types of 3D islands: narrow, triangular islands having 300 A˚ height,
and broad and relatively relaxed Ge mesas having 70 A˚ height. These islands
have a surface coverage of 17%. Line scans over islands ’2’ and ’3’ are made
for comparison. Scan size: 1 µm × 1 µm. (c) Line scans over islands ’1’, ’2’
and ’3’ show the difference in heights for Ge deposited on Si with and without a
surfactant.
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Ge/Si epitaxy but are much lower in height (24 A˚). The SME Ge mesas cover
80% of the total surface area (compared to 17% by Ge mesas of simple epitaxy)
and are quite irregular in shape. Both these mesas have flat tops and are largely
relaxed due to the dislocation network at their interface. Presumably the flat
Ge islands observed in fig. 3.6(b) also have a dislocation network at the Si/Ge
interface. However, no height undulations are visible at the surface of the 70
A˚ high island. This is because with increasing distance between the surface of
the island and the dislocation network at the interface, the strain fields due to
elastic distortion caused by the underlying dislocation network overlap leading
to a decreases in the height of the surface undulations and at 70 A˚ the surface
undulations becomes too small to be observed by STM.
In both growth modes the Ge mesas are largely relaxed Ge 3D islands having
flat tops at their surfaces and strain relieving dislocation network at their bases.
They induce relaxation in the Ge epilayer by propagating dislocations in the
interface of the film and thus acting as an efficient mechanism for strain relief.
In SME, these Ge mesas have coalesced completely at 15 BL coverage whereas
in simple epitaxy, the Ge islands increase in height and in lateral dimensions but
show no signs of coalescing even at larger coverages of 50 BL. When these 3D
islands finally coalesce at very high coverage, the film has an uncontrolled defect
structure with a high density of threading effects [22]. A calculation of the density
of dislocations on the top of Ge mesas in both epitaxies shows that the dislocation
network on Ge mesas of Bi/Ge/Si epitaxy is about 20% more dense than that
on Ge mesas of simple Ge/Si epitaxy. A higher value of dislocation density is
indicative of a more efficient reduction of the lattice mismatch induced strain
between Si and Ge. Apart from these differences in the dimensions qualitatively
the Ge mesas in both epitaxies are similar.
3.4 Effect of different surfactants on Ge/Si SME
Let us review the previous growth models of SME. According to the study on Sb
SME by Meyer et al [13] and Horn-von Hoegen et al [12], Ge is able to wet Si
only up to 2 BL after which the stress due to the 4.2% lattice mismatch drives
the system towards islanding. Using Sb surfactant, this strain is relieved by a
special mechanism of creating a rough surface, composed of very small and defect
free 3D islands, also referred to as pyramids. The Ge atoms in the pyramids are
able to extend the lateral lattice constant towards their bulk value through elastic
relaxation at the pyramid edges, thus partially relieving strain. These pyramids
start nucleating after 2 BL Ge wetting layer and their formation is completed
by 4 BL. Additional Ge depositions causes Ge to occupy the lattice sites at the
bottom of the trenches between these pyramids. But these lattice sites show the
highest stress and are most unfavorable growth sites. Therefore at this stage, the
strain relieving dislocation network is generated at the Si/Ge interface. Without
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Figure 3.9: A schematic diagram showing the growth and coalescence of Ge mesas.
As more Ge is deposited on Si (111) substrate in SME, the Ge mesas grow in
height and in width spreading the periodic dislocation network throughout the
Si/Ge interface. A single monolayer of Bi always covers the surface (not shown
in the figure).
the stress as the driving force to islanding, the surface smoothens by preferred
filling of the trenches between the pyramids. The final morphology is a relaxed,
flat Ge film on Si(111).
3.5 Summary
The growth process of Ge on Si (111) in surfactant mediated epitaxy using Bi
surfactant is schematically illustrated in fig. 3.9. Initially we observe the growth
of the pseudomorphic 2D Ge wetting layer on the Bi covered Si substrate. As
the coverage of 2 BL Ge is exceeded, we see the formation of irregularly shaped
mesa-like islands on the film surface. On top of all these mesas we observe
sub angstrom height undulations. This is a clear indication of the existence of
the strain relieving periodic dislocation network in those regions at the Si/Ge
interface, which are covered by these mesas. In the regions between these mesas,
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the Ge film is still compressively strained since the Si/Ge interface is devoid of
misfit dislocations. With increasing Ge coverage, these mesa-like mesas increase
in height and extend laterally to spread the dislocation network throughout the
film interface. The compromise between the height of mesas and the lateral area
covered by them at each Ge coverage is due to a balance between the activation
energy required to inject the dislocations at the mesa edges and the decrease of
elastic (strain) energy in the relaxed mesas. By the 15 BL coverage, the mesas
have coalesced, which means the Si/Ge interface throughout the film contains a
misfit dislocation network. Further Ge growth proceeds in a layer-by-layer mode.
Chapter 4
Fabricating Ge-Si nanostructures
Nanometer sized electronic structures are highly desirable for the future miniatur-
ization of electronic devices. Nevertheless, nanostructuring is still a challenge and
different approaches are followed [23, 24]. Recently, nanowires have attracted a
lot of interest because they are required to interconnect functional units in nano-
and molecular electronics [25, 26]. Smaller nanowires than the ones fabricated
so far are desirable. Since most electronic devices are fabricated on Si substrates
nanostructures grown epitaxially on Si substrates are most desirable.
One approach to grow two-dimensional nanowires would be to use preexisting
steps as templates and deposit Ge and Si alternatingly in the step flow growth
mode. Since the deposited adatoms diffuse to, and are incorporated at the step
edges, this would result in two-dimensional wires growing along the step edge. For
the case of the important Si/Ge system the observation of such a growth behavior
may not be observed. This is the case because the initial deposition of Ge on Si is
displacive, as experimentally found on the Si(001) [27, 28]. Deposited Ge adatoms
exchange sites with Si atoms at the surface, which leads to a homogenous mixed
composition of Si and Ge atoms on the entire the surface. This behavior could
prevent the formation of nanowires consisting of either Ge or Si during step flow
growth.
Another key issue for the controlled fabrication of nanostructures consisting of
different materials is a method of characterization which can distinguish between
the different materials on the nanoscale. In case of the system Si/Ge it has
been difficult to differentiate between Si and Ge due to their similar electronic
structure. Only in rare cases it was possible to distinguish Si and Ge atoms [29,
30]. In a recent approach to distinguish between Si and Ge atoms on the Si (100)
surface, a termination of the surface with Cl was used [29]. Since this termination
was performed after growth it could not prevent the displacive adsorption of Ge.
Therefore, Si and Ge atoms are located at random locations at the surface in this
case.
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Figure 4.1: (a) Surface morphology after deposition of 1 ML Bi on Si(111). Image
size = 240 nm × 140 nm. (b) Surface morphology after deposition of 0.25 BL Ge
on a Bi/Si(111) surface. Image size = 310 nm × 204 nm.
4.1 Height contrast between Si and Ge
An atomic layer of Bi terminating the surface could be used to prevent displacive
adsorption between the elements Si and Ge and to distinguish between them in
STM images. To show the consistency of this technique, we perform two separate
experiments where we show the contrast between Si and Ge in STM when they
are covered by 1 ML Bi.
In one experiment, we deposit 1 ML of Bi on (7 × 7) reconstructed Si(111)
surface. An STM image of figure 4.1(a) shows the surface morphology. The 1
BL islands that can be seen in the image are composed of Si atoms which were
released during change of reconstruction from (7 × 7) to (√3×√3) [16].
In the next step of this experiment, 0.25 BL Ge is deposited on this template
at 500 °C surface at a deposition rate of 0.1 BL/min. The Ge atoms diffuse on
the terrace and attach to the Si islands forming a ring of Ge as shown in the
STM image in figure 4.1 (b). The Bi layer floats to the top in accordance with
surfactant mediated epitaxy behavior. Previous studies using Sb surfactant in
Ge/Si(111) growth also concluded that Si islands that existed before starting Ge
deposition should have been incorporated in the Ge islands though they were not
able to differentiate between Ge and Si in the islands [13].
Two observations are noted here. With a monolayer of Bi on top of the Ge
and Si, it is possible to differentiate between Si and Ge. Bi covered Ge areas
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Figure 4.2: (a) STM image taken after deposition of 0.5 BL Ge on a Bi/Si(111)
surface with regularly spaced steps. Image size = 90 nm × 90 nm. (b) Line scan
across the Si and Ge region.
which form then ring of the island show a higher apparent height as compared
to the Si core as they are approximately 0.06 nm higher than Bi covered Si areas
in the core of the island. The second observation is that even at high growth
temperatures of 500 °C, the Bi surfactant largely suppresses intermixing between
Si and Ge. This is interpreted from the observation that Si and Ge areas can be
distinctly seen as separate regions in a single island in the images.
In another experiment, we have deposited 0.5 BL Ge on a regularly stepped
Bi/Si(111) surface in a step flow mode. The deposition rate of Ge was 0.05
BL/min and the temperature was 420 °C. Figure 4.2 (a) shows the surface mor-
phology after Ge deposition. The Ge atoms have attached to the preexisting Si
step edges and formed Ge wires. The Ge wires show a higher apparent height
difference as compared to Si. The magnitude of the height difference can be mea-
sured by taking a line scan as shown in figure 4.2 (b). In these two experiments,
growth of structures such as a Ge-Si ring and Ge-Si wire has been demonstrated.
The term Ge-Si is used as it can effectively describe a surface which consists of
distinct Ge and Si lateral structures in the same bilayer.
4.2 Reasons for the height contrast
There could be several possible explanations for the observed height difference
between the Si and Ge areas. (a) The 4.2% larger lattice constant of Ge compared
to Si [34] could cause a vertical relaxation in order to relive the induced strain.
This would give rise to 8 % higher height of Ge. However,the measured height
difference corresponds to a ∼ 25% higher height of the Ge atomic layer than the
Si atomic layer.
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Figure 4.3: An atomic resolved image shows the same (
√
3 × √3) structure at
the Si core and the Ge ring. The protrusions indicate the Bi trimers. Image size
= 24 nm × 13 nm.
(b) Another possible explanation for the different heights would be a different
surface reconstruction of the terminating Bi layer on Si and Ge. The atomic
structure of the Bi termination layer on Si is known to consist of Bi trimers [35].
In an atomic resolved image such as figure 4.3, a similar (
√
3×√3) reconstruction
is observed both on the Si and the Ge areas. Therefore, it seems improbable that
a different surface reconstruction on Si and Ge is the reason for the different
heights in the STM images.
The remaining explanation is a different electron density of states for Bi bond
to Si and Ge, respectively. This can lead to the observed different apparent
heights. This explanation is confirmed by the fact, that the measured height
difference shows a pronounced dependence on the applied bias voltage. This can
be demonstrated by performing the following experiment. Bi is deposited on Si
substrate at 500 °C at the deposition rate of 0.6 ML/min for 4 minutes. This
results in a saturation coverage of 1 ML Bi on Si. The change of reconstruction
releases Si atoms which form Si islands. This process lead to the formation of Si
islands. In the next step, 0.15 BL of Ge is deposited on this template at 470 °C
at a deposition rate of 0.05 BL/min. The template is cooled and STM images
are taken for different bias voltages while keeping the tunneling current fixed at
0.1 nA.
Figure 4.4 show the STM images of the same island (Ge ring surrounding a
Si core) taken at several different positive and negative bias voltages. It can be
observed that the apparent height difference between Si and Ge changes with
change in the bias voltage. The change in the apparent height difference can be
measured by taking line scans over the Si and Ge. This change with the bias
voltage is shown in the graph of figure 4.5. The similar trend is also observed in
a detailed study being done using scanning tunneling spectroscopy [36].
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Figure 4.4: STM images of the same area taken at several different positive and
negative bias voltages in order to see the corresponding changes in Ge/Si apparent
height contrast. The core of the island seen in the image is composed of Si and
the outer ring is composed of Ge. Image size = 80 nm × 40 nm.
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Figure 4.5: The change in the apparent height contrast between Si and Ge when
STM images are taken at different bias voltages.
4.3 Fabrication of nanowires and nanorings
An important strategy for parallel fabrication of nanostructures is self-assembly.
This makes it possible to manufacture extremely large quantities of patterned
materials both efficiently and economically. Here we address self-assembly of
linear arrays of one-dimensional structures, or wires, on vicinal silicon surfaces.
4.3.1 Nanowires
For the synthesis of nanowires, pre-existing step edges on the Si(111) surface are
used as templates for the growth of Ge containing wires at the step edges. When
the diffusion of the deposited atoms is sufficient to reach the step edges, these
deposited atoms are incorporated exclusively at the step edges and the growth
proceeds by a homogenous advancement of the steps (step flow growth mode) [31].
If small amounts of Ge are deposited, the steps advance only some nanometers
and narrow Ge wires can be grown. The surface is terminated with a monolayer
of Bi before the growth of Si or Ge. This Bi termination prevents the displacive
incorporation of Ge and opens the possibility to distinguish between Si and Ge.
Figure 4.6(a) shows an STM image after repeated alternating deposition of
0.15 atomic layers of Ge and Si, respectively. Initially, one atomic layer of Bi
was deposited at 470 °C on the Si(111) surface. This was followed by alternating
Ge and Si deposition of 0.15 ML each at T=450 °C and T=480 °C, respectively
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Figure 4.6: (a) STM image of two-dimensional Ge/Si nanowires grown by step
flow at a pre-existing step edge on a Si(111) substrate. Si wires (red) and Ge wires
(yellow) can be distinguished by different apparent heights. Image size = 70 nm
× 50 nm.(b) The cross section along the white line in (a) shows the dimensions
of the Si and Ge nanowires. The width of the wires is ∼ 3.5 nm and the height is
only one atomic layer (0.3 nm). (c) Atomic structure of a 3.3 nm wide Ge wire
(yellow circles) on the Si substrate (red circles) capped by Bi (blue circles). The
cross section of the Ge wire contains only 21 Ge atoms.
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under the continuous flux of Bi at 1 ML/min. For Si and Ge deposition rates
of 0.010 ML/min and 0.015 ML/min was used, respectively. The sample bias
voltages used were between +2.2 V and +2.6 V and the tunnelling current ∼ 0.1
nA. Due to the step flow growth Ge and Si wires were formed at the advancing
step edge. Both elements can be easily distinguished by the apparent heights in
the STM image (Figure 4.6(a)). It turned out, that the height measured by the
STM is higher on areas consisting of Ge (yellow stripes) than on areas consisting
of Si (red stripes). The assignment of Ge and Si wires is evident from the order
of the deposited materials (Ge, Si Ge, Si and Ge, respectively in this case). The
initial step position is indicated by white arrows in the right part of Figure 4.6(a).
The step edge has advanced towards the left (arrowheads in Figure 4.6(a)) after
the growth of the nanowires. The apparent height of Ge areas is ∼ 0.07 nm higher
than the apparent height of Si wires (Figure 4.6(b)). The width of the Si and
Ge wires is ∼ 3.5 nm as measured from the cross section (Figure 4.6(b)). The
nanowires are two-dimensional with a height of only one atomic layer (∼ 0.3 nm).
Therefore, the cross section of a 3.3 nm wide Ge nanowire contains only 21 atoms
(Figure 4.6(c)).
In spite of the sub-nanometer thickness, the atoms building the Ge nanowire
are connected by strong lateral covalent bonds. In this respect these nanowires
are different from single dimer rows of Ge or Bi on Si(001) which are sometimes
considered as nanowires [32]. Those single dimer wires had no lateral Ge-Ge or
Bi-Bi bonds, but only bonds to the underlying substrate. These Si/Ge wires are
homogenous in width over larger distances and have a length of several thousand
nm. Different width of the wires can be easily achieved by different amounts of
Ge and Si deposited.
4.3.2 Nanorings
It is also possible to grow different types of Si/Ge nanostructures, namely Si/Ge
ring structures by self-assembly (Figure 4.7(a)). The starting surface is the clean
Si(111)-(7×7) surface which is initially covered by a one atomic layer thick Bi
layer at 470 °C. The change of the surface reconstruction from (7×7) to (√3×√3)
(due to the Bi coverage) releases about 0.1 atomic layers of surface Si atoms which
form two-dimensional Si islands. These Si islands will form the cores (diameter
10-20 nm) of the Si/Ge ring structures.
In the two-dimensional island growth mode the diffusion of deposited atoms
at the surface is reduced so that most of the diffusing atoms do not reach the
step edges but nucleate as two-dimensional islands or attach to existing islands.
Once the Si core islands have nucleated, subsequent alternating deposition of
Ge and Si results in the formation of the Si/Ge ring structures around the Si
core (Ge and Si deposition of 0.15 ML was performed at T=450 °C and T=480
°C, respectively). The growth conditions for Ge and Si growth were chosen in
a way that no additional Si or Ge islands nucleate but all deposited atoms are
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Figure 4.7: (a) Two-dimensional Ge/Si ring structure imaged with the STM. Ge
rings are shown as yellow and Si rings shown as red. The width of the rings is
5-10 nm and the height is one atomic layer (0.3 nm). Image size = 90 nm × 90
nm. (b) Cross section along the line indicated in (a). Due to the Bi termination
the Ge rings are imaged ∼ 0.09 nm higher than the Si rings. A schematic of the
ring structure is shown in the inset.
incorporated in the ring structures.The measured height of the Ge rings is 0.09 nm
higher than the measured height of the Si rings (Figure 4.7(b)). The width of
the rings is 5-10 nm and the thickness is only one atomic layer (0.3 nm).
4.4 Summary
We have shown, that the controlled formation of different kinds of two-dimensional
Si/Ge nanostructures, like nanowires and nanorings is feasible. The nanostruc-
tures grown have a width down to 3.5 nm and a sub-nanomer thickness (0.3
nm), corresponding to a cross section consisting of only ∼ 21 atoms. In spite
of the sub-nanometer thickness the atoms building the Ge nanostructures are
connected by strong lateral covalent bonds. The strong lateral bonds open exit-
ing opportunities to observe charge transport through these nanostructures. The
controlled formation of such small nanostructures would be impossible without a
material specific characterization method on the nanoscale. A simple and general
method has been presented to distinguish between Si and Ge in two-dimensional
nanostructures using the height difference in STM images after termination of
the surface with Bi.
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Chapter 5
Ge/Si Intermixing
5.1 Introduction
The mechanism of diffusion by which atoms move on a semiconductor surface is
of fundamental importance in processes such as epitaxial growth. When diffusion
of atoms is restricted to the surface, it is termed surface diffusion. The other type
of diffusion which refers to movement of atoms within the bulk film is termed bulk
diffusion. Atoms at the surface are much less confined and can more easily move
to other lattice sites while the atoms within the bulk have less degree of freedom
as they are spatially surrounded by other atoms. There is a large difference in
the activation energies of these two types of diffusion. Qin et al. measured an
activation energy of 1.01 eV and an attempt frequency of 1014 Hz for Ge-Si dimers
diffusing on the surface of Si(100) [37]. Fahley et al. reported an activation energy
of 4 - 5 eV for diffusion of Ge atoms in bulk Si [38]. Thus, surface diffusion is
much faster than bulk diffusion.
STM can provide atomically resolved images of surface structures, and is a
direct method to study diffusion. However, it is generally not chemically sensitive.
It is particularly difficult to differentiate between Ge and Si because of their
similar electronic structures. In chapter 4, our recent study on Bi surfactant
mediated growth has revealed that it is possible to distinguish between Si and
Ge regions by STM due to a Bi termination [39, 40]. Using this feature, it is
possible to grow Ge/Si nanostructures. In this chapter, we show how this feature
can also be used to study Si-Ge surface intermixing with a resolution in the
nanoscale. Such a study will not only give useful information about the various
mechanisms (modes) of surface diffusion but would also be helpful to understand
the stability of nanostructures as a function of temperature. In addition, growth
of nanostructures could be optimized to grow pure Ge/Si structures.
For this purpose, we create a Ge/Si nanostructure (i.e. Ge containing wire
along the Si step edge) and use the STM to get a local probe over a very narrow
Ge -Si interface (i.e. the interface between the Si step edge and the Ge wire) to
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study the displacement of the Si and Ge atoms when factors like temperature
and deposition rate are varied during growth. Moreover additional studies like
annealing already grown Ge-Si wires over a period of time could also be infor-
mative about diffusion. Thus surfactant mediated growth could be useful in the
study of surface Si-Ge intermixing in the nanoscale.
Before starting the diffusion studies, it is useful at first to have a thorough
understanding of the variation of the apparent height difference between the Ge
rich region and Si region with the changes in the concentration of Ge in the surface
layer. The contribution to the apparent height contrast due to Ge present in the
surface layer is termed the surface layer effect. Later on, the contribution to the
height contrast due to Ge present in the subsurface layer is also studied. We term
that contribution as subsurface layer effect.
5.2 Calibration
5.2.1 Surface layer effect
A monolayer of Bi on top of a bilayer containing both Ge and Si in different areas
on a Si(111) substrate results in a higher height of the Ge area as compared to
the Si area in STM images. This apparent height difference helps to distinguish
between Si and Ge present in the same bilayer. Termination by 1 ML Bi implies
a surface atomic structure where Bi trimers are positioned on top of 3 nearest
neighbor atoms and 7 next nearest neighbor atoms (these could be only Si or
only Ge atoms or a combination of both) of the underlying bilayer. In atomically
resolved images, we therefore expect to see different heights of the Bi trimers
depending on the combination of Si and Ge atoms that they are positioned upon.
However, in case of STM images, that are not atomically resolved, we have a
hardware averaging and observe a continuous variation of heights.
In our approach to studying intermixing between Si and Ge, we create a sharp
boundary between the two by fabricating wires containing Ge at Si step edges.
The apparent height profile across the boundary is recorded by STM and mea-
surements of the apparent height difference are done. To have a calibration of
the apparent height difference as a function of Ge concentration, the concentra-
tion of Ge in the Ge containing wire is varied. Ge containing wires of different
compositions are grown on different Si substrates. Under standard tunnelling
conditions of 3 V and 0.5 nA, the height difference between the Si step and Ge
containing wires are noted. To have a controlled formation of Ge-Si alloy wires,
simultaneous Ge and Si deposition was performed at 425°C. It is assumed that
the growth temperature of 425°C is low enough to have a minimal intermixing
with the next lower bilayer. This implies that all of the deposited Ge is con-
tained in the surface (first) layer. The assumption is supported by the fact that
Ge wires deposited at even lower temperatures showed the same height difference
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Figure 5.1: STM images of Ge-Si wires at the step edges on a Bi/Si(111) surface
having Ge content (a) 25 %(b) 50 %(c) 75 %(d) 100 % . The corresponding line
scans across Si step edge and Ge-Si alloy wires are also shown. Image sizes are
(a) 240 A˚× 170 A˚, (b) 550 A˚× 370 A˚, (c) 380 A˚× 250 A˚, (d) 930 A˚× 550 A˚.
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Figure 5.2: Calibration curve showing the variation of the apparent height dif-
ference with Ge content in the Ge containing wires.
for pure Ge deposition. In this way, Ge-Si alloy wires of Ge composition ranging
from 25% to 100% were grown along Si steps on a Si (111) surface with regularly
spaced steps. Specifically, Ge-Si wires of Ge concentration 25%, 50%, 75% and
100% were deposited. For each deposition, the deposition rates of Ge and Si were
adjusted along with the deposition times in order to form a 0.5 or 0.6 BL Ge-Si
alloy wire. For example, to deposit the Ge-Si wire of 25% Ge concentration, the
Ge deposition rate was 0.06 BL/min, Si deposition rate was 0.2 BL/min and the
deposition time was 2.25 minutes and in order to deposit the Ge-Si wire of 50%
Ge concentration, the Ge deposition rate was 0.2 BL/min, Si deposition rate was
0.2 BL/min and the deposition time was 1.5 minutes. The Bi deposition rate was
2.5 ML/min in all cases. Prior to each Ge deposition, a ML of Bi was deposited
on Si and a constant flow of Bi was maintained during Ge and Si deposition.
STM images of alloy wires of each composition were taken after growth and line
scans were done to estimate the apparent height difference. Figure 5.1 shows
STM images of Ge-Si wires of Ge concentration 25%, 50%, 75% and 100% in the
same gray scale along with the corresponding line scans. Thus variation of the
apparent height difference with the change in Ge concentration was estimated.
Figure 5.2 shows that the apparent height difference, ∆H1 is linearly proportional
to the Ge concentration in the surface layer, nGe(1). From the slope of the line fit
and by adding a small correction factor accounting for the slower step speed, we
deduce the calibration factor α = ∆H1
nGe(1)
= 1.1 A˚
BL
.
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Figure 5.3: STM image of 1.2 BL Ge grown on Bi/Si(111). The Ge deposited
in excess of 1 BL overgrows on the first Ge bilayer and shows an higher contrast
in the image. The regions marked by a circle represent regions of local 2 BL Ge
height. Image size = 3400 A˚× 3100 A˚.
5.2.2 Subsurface-layer effect with Ge in the surface layer
From the previous experiment we note the sensitivity of the variation of the
height difference with changing Ge content in the first layer, which is the layer
immediately below the Bi monolayer. However, for further studies of diffusion
(for example, those performed at higher temperatures) it would also be useful to
know if the presence of Ge in the second bilayer (i.e. subsurface layer) below the
Bi monolayer also presents some contribution to the apparent height difference.
This is because at temperatures higher than 425°C, the diffusion of Ge from the
surface (first) layer to the subsurface (second) layer cannot be ruled out.
With this aim in mind, experiments were designed to estimate the subsurface
Ge contribution to the apparent height difference. About 1.2 bilayer of Ge were
deposited on a stepped Si surface at 450°C at a rate of 0.5 BL/min. Bi growth rate
was 2.5 ML/min. Under these conditions, the growth of the first monolayer occurs
by step flow. All deposited Ge atoms, or the Si surface atoms they displace, diffuse
to surface steps where they incorporate. The Si steps on the Si(111) substrate
were not perfectly regularly spaced. This resulted in terraces of different width.
Due to local fluctuations in the growth rate, we got a surface where we had
regions having Bi/Si/Si(111), Bi/Ge/Si(111) and also Bi/Ge/Ge/Si(111) on our
template. In figure 5.3, it is shown that after the deposited Ge amount exceeded
1 BL, Ge wires in some areas overlapped on initially grown Ge wires.
The height contrast between Bi/Si/Si(111) and Bi/Ge/Si(111) gave us the
sensitivity of apparent height difference to Ge present in the first bilayer below
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Figure 5.4: (a) A magnified STM image of figure 5.3 showing the contrast between
regions of Bi/Si, Bi/Ge/Si and Bi/Ge/Ge/Si. Image size = 750 A˚ × 550 A˚. (b)
Line scan showing the apparent height difference between the three regions. (c)
A ball model where the lines indicate the height difference variation due to the
content of region A (Ge/Si) and region B (Ge/Ge/Si). The light gray balls
represent silicon and dark gray balls represent germanium. The Bi termination
is not shown.
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Figure 5.5: The graphic shows the exchange of Ge (the filled box) and Si (vacant
box) between two layers, when the first BL Ge is deposited on Si (left of step
edge) and when the second BL Ge is deposited on the previously grown Ge layer
(right of the step edge). Bi termination is not shown.
Bi (surface layer). To estimate the contribution to the height difference from the
Ge atoms present in the second bilayer (subsurface layer), we are now interested
in the height contrast between Bi/Ge/Si(111) and Bi/Ge/Ge/Si(111). The prin-
ciple of the subsurface effect can be visualized in the ball model schematic of
figure 5.4(c).
The STM image in figure 5.4(a) which is a magnification of a region of fig-
ure 5.3, shows three regions of different height contrast; the Bi/Si/Si(111), the
Bi/Ge/Si(111) and the Bi/Ge/Ge/Si(111). A line scan over these three different
regions is shown in figure 5.4(b). The apparent height contrast between the re-
gion of Bi/Si/Si(111) and Bi/Ge/Si(111) is 0.8 A˚ (instead of 1.1 A˚ for the case
without intermixing at low temperatures) indicating that intermixing has taken
place during growth due to high growth temperature and the Ge content in the
surface bilayer is approximately 80%. The apparent height contrast between the
region of Bi/Ge/Ge/Si(111) and Bi/Ge/Si(111) is seen to be about 0.4 A˚ from
the linescan. The contribution to the apparent height from Ge in the subsurface
(i.e. second) layer is what we term the subsurface layer effect.
In order to have a consistent value of the subsurface layer contribution in-
cluding the effect of intermixing, a model needs to be constructed which includes
the effect of intermixing as well as the subsurface layer effect. While discussing
the model, we describe the Ge and Si layers only but the Bi termination layer is
also present. Let a layer of Ge be deposited on Bi/Si. Due to intermixing during
growth, nGe(1) is the concentration of the Ge atoms that remains in the surface
(i.e. first) layer. The first assumption of our model is that intermixing only takes
place between the two layers closest to the surface. Thus, the concentration of
Ge atoms in the subsurface (second) layer would be (1-nGe(1)).
Let ∆H1 be the observed height difference between Si and Ge rich part due
to Ge atoms in the surface layer. The relation between the concentration of Ge
and the apparent height difference is proportional and is given by the calibration
factor
α =
∆H1
nGe(1)
(5.1)
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When Ge atoms in excess of 1 BL are deposited, the region of the surface
(i.e. first) bilayer on which atoms of the second layer Ge bilayer deposit becomes
the subsurface (i.e. second) layer. From the graphic of figure 5.5, the left side
of the Si step edge is the case when a single BL of Ge had been deposited on
Si. On the right side of the Si step edge in the graphic of figure 5.5, is the
case when the second bilayer Ge is deposited on the Ge layer grown previously.
The concentration of Ge in the newly deposited surface (i.e. first) layer is then
modified due to intermixing with the subsurface (second) layer to nGe(2).
Let ∆H2 be the observed height difference between Si and Ge due to Ge
atoms in the surface + subsurface layer. Thus, ∆H2 - ∆H1 is the observed
height difference between Ge rich region of the surface layer and Ge rich region of
the subsurface layer. In this model, we have assumed that the Ge concentration
in the first BL Ge is unchanged after growth. Let the calibration factor for the
relation between the apparent height difference and the Ge concentration in the
subsurface layer be β. The apparent height difference ∆H2 can be written as
∆H2 = αnGe(2) + βnGe(1), (5.2)
In order to determine the value of β from this equation, we need to know
nGe(2), which is given by
nGe(2) = nGe(1) + (1− nGe(1))× nGe(1) = 2nGe(1) − n2Ge(1) (5.3)
Substituting the value of nGe(2) in the equation 5.2,
∆H2 = α(2nGe(1) − n2Ge(1)) + βnGe(1) (5.4)
Thus, the apparent height difference between Si and Ge due to the Ge atoms
in the subsurface layer,
∆H2 −∆H1 = α(2nGe(1) − n2Ge(1)) + βnGe(1) − αnGe(1), (5.5)
∆H2 −∆H1 = α(nGe(1) − n2Ge(1)) + βnGe(1), (5.6)
Writing nGe(1) in terms of ∆H1,
∆H2 −∆H1 = α(∆H1
α
− ∆H1
αα
2
) + β
∆H1
α
, (5.7)
∆H2 −∆H1 = (1 + β
α
)∆H1 − ∆H
2
1
α
, (5.8)
Plotting this equation for values of β ranging from 0 to 0.4 in steps of 0.1
generated the curves in figure 5.6. The curve for β= 0 represents the case when
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Figure 5.6: The variation of the apparent height difference between the regions
Bi/Ge/Si(111) and Bi/Ge/Ge/Si(111) due to intermixing where the different
curves represent different calibration factors β( A˚/BL ), for the contribution to
the apparent height from Ge present in the second layer.
the apparent height contrast between the Bi/Ge/Ge/Si(111) and Bi/Ge/Si(111)
regions is solely due to the effect of loss of Ge from the surface (first) layer. The
peak of the curve represents the situation when the apparent height contrast is
most pronounced due to 50% intermixing probability. For the case of no inter-
mixing, ∆H1 is 1.1 A˚. The difference ∆H2 − ∆H1 would display an apparent
height contrast solely due to the subsurface (i.e. second) layer effect.
Putting the values of ∆H2 − ∆H1 that we obtained from our experiments,
the value of β = 0.3 A˚/BL corresponds best to the data points in figure 5.6.
The apparent height contrast from the Ge in the surface and the subsurface layer
gives an additive effect to the total observed apparent height contrast. As an
example, we see that if the second bilayer below the Bi monolayer consisted only
of Ge atoms, it would contribute 0.3 A˚ to the apparent height difference. As an
example, if we had 50% Ge in the first layer ( nGe(2)= 0.5) and 50% in the second
layer ( nGe(1)= 0.5), the total height difference with respect to Si would be
∆H2 = αnGe(2) + βnGe(1), (5.9)
or about 0.7 A˚.
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Figure 5.7: A ball model shows the principle of the third layer effect.
5.2.3 Third layer effect
In the experiment discussed above we saw the contributions to the apparent
height difference from the Ge atoms present in both the surface (i.e. first) and
the subsurface (i.e. second) layer. Another experiment was conducted with the
aim of estimating the contribution from the third Ge layer. The principle of this
third layer effect is displayed in the ball model schematic of figure 5.7.
For the purpose of determining the apparent height contrast from the third
layer, a little more than 2 bilayer of Ge were deposited on a regularly stepped
Si(111) surface. Growth proceeded by step flow. Due to local fluctuations in
the growth rate, we got a surface where we had regions having Bi/Ge/Si(111),
Bi/Ge/Ge/Si(111) and also Bi/Ge/Ge/Ge/Si(111) on our template.
An STM image taken after the deposition is shown in figure 5.8(a). Re-
gion X is Bi/Ge/Si(111) while region Y is Bi/Ge/Ge/Si(111) and region Z is
Bi/Ge/Ge/Ge/Si(111). The apparent height difference between region X and Y
is due to Ge present only in the second bilayer below Bi (subsurface layer effect).
The apparent height difference between region Y and Z is due to Ge present only
in the third bilayer below Bi (third layer effect).
The line scan of figure 5.8 (b) taken over these three regions reveals that the
contribution to the apparent height difference from the second layer is approx-
imately 0.4 A˚. The third layer contribution to the apparent height difference is
approximately 0.2 A˚. This observation implies that though the apparent height
contrast is sensitive to the presence of Ge in the bilayers lower than the first
bilayer below Bi, the sensitivity decreases by a large amount. This is why the
apparent height difference is mostly a surface effect though the sensitivity to Ge
in the second bilayer below Bi is an effect which has to be kept in mind while
doing experiments on Si-Ge diffusion.
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Figure 5.8: (a) An STM image showing the variation in the height contrast
between the regions of Bi/Ge/Si (X), Bi/Ge/Ge/Si (Y) and Bi/Ge/Ge/Ge/Si
(Z). Image size = 700 A˚× 800 A˚. (b) The line scan along the selected line in the
STM image of (a).
5.2.4 Subsurface-layer effect with Si in the surface layer
If both Ge and Si are present in the surface bilayer of a Si (111) substrate and
there is a layer of Bi on top of them, then an apparent height difference is observed
between them. We know also about a second (subsurface) layer and a third layer
contribution to the apparent height difference when the surface layer was Ge.
Would a height difference still be observed if the Ge and Si were present in the
subsurface layer and the surface layer was Si instead of Ge?
The principle of this effect is shown in the ball model schematic of Figure 5.9.
If we had only Si in the surface layer (that is, the first bilayer below the Bi layer)
and Si and Ge both present in the subsurface layer (second bilayer below the Bi
layer) then would the height difference still be seen between the Si and Ge rich
region?
To understand this effect, we perform an experiment. About 0.5 BL of Ge was
deposited at 450 °C at the rate of 0.1 BL/min on a regularly stepped Bi/Si(111)
surface. The Ge attached along the pre-existing Si steps forming Ge wires. In
other words, we created a template having alternating regions of Ge and Si. The
Ge regions appeared 0.8 A˚ higher than Si regions due to the Bi termination. On
such a surface 0.2 BL Si was deposited at a rate of 0.5 BL/min. The temperature
was maintained at 300°C to ensure negligible intermixing. The Si atoms formed
islands on the template of alternate Si and Ge regions as can be seen in figure 5.10
(a). Some Si islands were large enough to spread over both Si and Ge areas of the
lower bilayer. These islands were interesting for they represented regions where
60 CHAPTER 5. GE/SI INTERMIXING
Bi
Ge
Si
∆H
 
Figure 5.9: A ball model showing the principle of the subsurface layer effect when
Si forms the surface layer.
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Figure 5.10: (a) STM image showing the surface morphology after 0.2 bilayers
of Si are deposited. They form islands on a template having alternating Si and
Ge regions. Image size = 1150 A˚× 1350 A˚. (b) and (c) Line scan across two Si
islands indicated in the STM image. The slight hump in the line scan, when it
begins to scan over the Si island is an artefact which is due to overshoot of the
feedback loop.
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Figure 5.11: (a) An STM image immediately after growth of 0.4 BL Ge on
Bi/Si(111) at 450 °C. (b) A line scan across the interface shows a lateral width
of only about 25 A˚. Image size = 1000 A˚× 500 A˚.
we had Bi/Si/Si/Si(111) in the areas where Si islands formed over Si regions and
Bi/Si/Ge/Si(111) in the areas where Si islands formed over Ge regions. In the
subsurface layer effect discussed earlier where Ge was in the first (surface) layer,
an apparent height difference of 0.3 A˚ was seen between the Ge and Si present
in the subsurface layer. A line scan taken over the Si islands of figure 5.10 (b)
revealed that the portion of Si island over Ge bilayer was about 0.25 A˚ higher
than the portion of Si island over Si bilayer. The observation of a height difference
implies that the apparent height contrast is sensitive to the presence of Ge and
Si in the second bilayer below Bi even when the first bilayer is purely Si. The
results are consistent with the subsurface layer effect when Ge is in the first layer.
5.3 Lateral diffusion
Lateral diffusion refers to intermixing between Si and Ge within the same bilayer
in the direction horizontal to the plane of the surface. It is expected to result in
a smearing of the sharp Ge-Si interface as the Ge-Si atoms interchange with the
largest intermixing possibility near the interface.
For our study of lateral intermixing we deposit single Ge wires along pre-
existing Si step edges of Bi/Si(111). The Ge wires are grown on a Bi/Si(111)
substrate at a temperature of 450°C for 4 minutes. The Ge deposition rate is 0.1
BL/min. STM images are taken after growth. Figure 5.11 is an STM image of a
Ge wire grown along the Si step edge. As expected, the Ge wire appears higher
than the Si area. A line scan is taken across the Si-Ge interface to estimate the
lateral width. The lateral width is defined as the width of the curve between 10 %
to 90 % of its profile from the lowest to the highest level of the height difference.
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Figure 5.12: (a) An STM image taken after 170 minutes of annealing at 450 °C.
The boundary between the Si and Ge region appears sharp. (b) A line scan across
the interface which shows a lateral width of only about 25 A˚. Image size = 380
A˚× 230 A˚.
In this case, the lateral width is about 25 A˚. If there exists lateral intermixing
during growth of the Ge rich wire and if it resulted in a smearing of the Si-Ge
interface within 25 A˚ we would not be able to observe it.
Annealing is expected to induce Ge-Si diffusion in the lateral (as well as the
vertical) direction. The wires are annealed at a constant annealing temperature
in several steps of time. A continuous Bi flux is provided to prevent any Bi
desorption. At each step the annealing is temporarily stopped and STM scans
are performed. The lateral widths were measured after each annealing step. The
annealing is performed for two different temperatures of 450°C and 475°C.
Figure 5.12 (a) is an STM image taken after 170 minutes of annealing at 450°C.
No further smearing of the Si-Ge interface is observed and the boundary between
Si and Ge wire is as sharp as before annealing even after 170 minutes of annealing.
The corresponding line scan is shown in figure 5.12 (b) from which the lateral
width is measured. The lateral width is about 25 A˚ which is not very different
from that measured after growth of the wire. Figure 5.13 shows the constant
trend of the lateral width for two different temperatures, with annealing time.
The data show no evidence of lateral intermixing (which is expected to result in
a significant increase of lateral width) throughout the annealing process. This
seems to confirm the absence of surface lateral diffusion in the range of our
measurements.
Lateral intermixing was also studied in case of surfaces where partial Bi des-
orption had occurred. About half a bilayer of Ge was deposited on a Bi/Si(111)
surface at 420°C. This template was then annealed for 2 minutes at 530°C under
a continuous Bi flux of 4 ML/min. Annealing was done at a higher temperature
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Figure 5.13: The graph shows the constant trend of lateral width with annealing
time for two different temperatures. The square symbols are data for temperature
of 450 °C while the circle symbols are data for temperature of 475 °C.
than used earlier in order to induce extensive lateral intermixing which could re-
sult in a noticeable lateral broadening of the interface. Due to the high annealing
temperature, partial Bi desorption was expected. Figure 5.14 is an STM image
of this surface which was taken after the anneal. It shows similar sharp interface
boundary between Si and Ge areas. Thus indicates the absence of surface lateral
intermixing. The holes are a consequence of the unavoidable Bi desorption at
such high temperatures inspite of a constant supply of Bi flux.
A closer look at the trimers of an atomically resolved STM image of such a
surface shows an inhomogeneous distribution of bright trimers (due to Bi/Ge) in
the Si region and an inhomogeneous distribution of dark trimers (due to Bi/Si) in
the Ge region. In order to explain this observation we speculate on the existence
of another type of lateral diffusion in which Ge or Si atoms interchange with the
Bi atoms and diffuse long distances on the surface till they find a suitable site
and reexchange with the Bi atoms. This type of lateral diffusion is expected to
lead to a random distribution of Ge and Si atoms over the preexisting Si steps
and Ge containing wires and would not cause the smearing of the interface as in
the case of the common surface lateral diffusion.
64 CHAPTER 5. GE/SI INTERMIXING
(a)
0 50 100 150 200 250 300
0.0
0.1
0.2
0.3
0.4
0.5
0.6
 
 Lateral dimension [Å]
H
ei
gh
t d
iff
er
en
ce
 [Å
]
 
 
Figure 5.14: The STM image taken after 2 minutes of anneal at 530 °C. The
atomically resolved image shows a sharp Si-Ge interface. (b) A line scan across
the interface shows a lateral width of 20 A˚. Image size = 900 A˚× 700 A˚.
5.4 Vertical diffusion
Vertical diffusion refers to the intermixing between Ge atoms in the Ge wires in
the bilayer directly below the Bi terminating layer and the Si atoms in the next
underlying bilayer. The most common model for vertical diffusion is the contin-
uum model in which the Ge in the surface layer diffuse with equal probability
into all the underlying Si bilayers. This model is well known and the change in
Ge concentration n, in the surface layer with time t, is given by the relation [41],
n ∼ 1√
t
, (5.10)
In this case, equilibrium situation would be that all Ge atoms have diffused
into the bulk and there remains a negligible concentration of Ge at the surface. In
order to have a quantitative understanding of the vertical diffusion, it is useful to
consider other possible models as well. In our present study, we are interested in
studying surface vertical diffusion which is largely confined to the surface. Bulk
diffusion is not active at these temperatures and rates. Therefore the model that
we consider here is a two layer vertical intermixing model where Ge atoms in a
bilayer preferably interchange only with the Si bilayer directly below it.
In this model, we do not discuss the detailed kinetic pathway for a given
exchange process but rather the effective result of an Ge/Si atom moving from
one location to another. In order to have a simplified model, we neglect lateral
intermixing in the subsurface layer.
Let nGe(1) be the Ge concentration in the surface (first) layer and nGe(2) be
the Ge concentration in the second layer. Let the Si concentration in the first
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layer be nSi(1) and nSi(2) be the Si concentration in the subsurface (second) layer.
The starting conditions are,
nGe(1)(t = 0) = 1, (5.11)
nGe(2)(t = 0) = 0, (5.12)
As per our assumption that intermixing is restricted to the two layers near the
surface,
nGe(1) + nGe(2) = 1, (5.13)
The Ge-Si exchange between the surface and the subsurface layer depends on
the rate at which Ge atoms exchange with Si atoms when they are in the first
layer or the second layer. Let kA be the rate for Ge from second layer to exchange
with Si in the first layer. Let kB be the rate for Ge from the first layer to exchange
with Si in the second layer. The rates are decided by the respective activation
energies. Let EA and EB be the activation energies for Ge from second layer to
exchange with Si in the first layer and for Ge from the first layer to exchange
with Si in the second layer, respectively.
kA = ν exp(
−EA
kT
), (5.14)
kB = ν exp(
−EB
kT
), (5.15)
where the same pre-exponential factor ν has been assumed for both the pro-
cesses. The value of the pre-exponential factor ν = 1012 sec−1 and the Boltzmann
constant k = 8.6 × 10−5 eV
K
.
After a time t, the concentration of Ge in the first layer nGe(1) (t) would
decrease if the there is a lower Ge concentration nGe(2) in the second layer which
exchanges at a rate kA with Si in the first layer. The net concentration of Ge in
the first layer would also decrease if the there is higher Ge concentration nGe(1)
in the first layer which exchanges at a rate kB with Si in the second layer.
Therefore, the change in the Ge concentration n (n = nGe(1)), with time,
dn
dt
= kAnGe(2) − kBnGe(1), (5.16)
Writing this equation in terms of n,
dn
dt
= kA(1− n)− kBn, (5.17)
By integration, the solution of the equation is,
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n(t) = n =
kA
kA + kB
(1 +
kB
kA
exp−(kA + kB)t), (5.18)
When t −→ ∞, nf is the saturation value of Ge concentration in the surface
layer.
nf =
1
1 + exp(EA−EB
kT
)
, (5.19)
In this case Ge and Si atoms would continue to intermix and the equilibrium
concentration would be that a finite concentration of Ge atoms remains in the Ge
surface bilayer. This finite Ge concentration in the surface layer would be 50%
if the activation energies for Ge/Si and Si/Ge exchange are equal (i.e. if EA =
EB) .
In the study of intermixing between Si and Ge, we will show in the follow-
ing sections how it was possible to identify and separately distinguish the two
diffusion processes such as vertical intermixing and a new type of vertical inter-
mixing which we call growth front induced intermixing. Their dependence on
parameters such as temperature, step speed and annealing time has been stud-
ied. The templates used for our study are single Ge containing wires deposited
along pre-existing Si step edges of Bi/Si(111). Line scans are taken across the
step edges over the Si and newly deposited Ge wires. The height difference seen
between Bi terminated Ge and Bi terminated Si regions in STM images are used
to estimate the extent of diffusion/intermixing. The following experiments were
conducted to induce intermixing. (A) Growth of Ge wires at different substrate
temperatures. (B) Simultaneous growth of Ge wires at different step speeds. (C)
Annealing of Ge wire after growth.
5.4.1 Ge wires grown at different temperatures
Ge wires were deposited along Si step edges on several Bi/Si(111) templates at
a fixed growth rate of 0.1 BL/min. For each template, the growth temperature
was different. The minimum growth temperature was 400°C and the maximum
was 530°C. STM measurements were performed on each template after growth.
The Ge wires grown at higher temperatures showed a lower height difference
compared to those grown at lower growth temperatures. This is natural as Ge
atoms deposited on a substrate kept at a higher temperature will intermix more
with the substrate atoms. The height difference reduced homogeneously over the
width of the Ge wire, with temperature. No evidence of lateral diffusion was
detected as there was no smearing of the Ge-Si interface as a result of increasing
growth temperatures. This is due to the fact that we have different length scales
for the sensitivity of vertical intermixing (∼ 3 A˚) and lateral intermixing (∼ 25
A˚).
5.4. VERTICAL DIFFUSION 67
CF
D
E
A
B
C
(a)
(b)
(c)
0 300 600 900
-4
-3
-2
-1
0
1
0 300 600 900
-4
-3
-2
-1
0
1
0 300 600 900
-4
-3
-2
-1
0
1
0 300 600 900
-4
-3
-2
-1
0
1
0 300 600 900
-4
-3
-2
-1
0
1
0 300 600 900
-4
-3
-2
-1
0
1
 
 
FH
ei
gh
t d
iff
er
en
ce
 [Å
]
 
 
E
 
 
C
 
 
B
 
 
 
 
D
Lateral dimensions [Å]
 
 
A
Figure 5.15: STM images of Ge wires deposited at the same growth temperature
of 480°C on Bi/Si(111). All the three images are of different regions of the
same sample. The line scans show the variation in height difference for wires
of increasing width, from A to F. As the line scans are the best when taken
parallel to the scan direction, they are preferred rather than those taken precisely
perpendicular to the step edges. However, the step width is calculated according
to the wire width perpendicular to step edge. (a) Image size = 1600 A˚× 1000 A˚,
(b) Image size = 1200 A˚× 1000 A˚,(c) Image size = 1900 A˚× 1500 A˚.
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Figure 5.16: A ball model showing case (a) the restriction of space for exchange
of Ge with Si when Ge is buried within the terrace; case (b) the steric freedom
for the exchange of Ge with Si when Ge is at the growth front of the advancing
step edge. The Bi termination is not shown in the figure.
5.4.2 Ge wires grown at different step speeds
A stepped Si(111) surface with irregularly spaced terraces was created by heating
the sample by passing current though it [42]. In step flow mode, growth of
deposited material was expected to result in an increase in step width in direct
proportion to the sum of the width of the terraces on both sides of the step.
When Ge is deposited on such a Si template with irregular spaced terraces, the
Ge wires grow at different step speeds on different terraces. The highest step
speed is at a step which had largely spaced terraces on both side. This results
in Ge wires grown at different step speeds on the same substrate under identical
growth conditions. With this approach, Ge wires with different step speeds were
grown.
STM images such as that in figure 5.15 are those of Ge wires grown at the
same growth temperature of 480°C at the same growth rate of 0.1 BL/min on the
same substrate, Bi/Si(111). All the three images are of different regions of the
same sample. They show that the wires had grown with different widths on the
same sample. Line scans reveal different apparent heights for wires of different
width that correspond to different step speeds.
Specifically the wires which grew at the highest speed, resulting in broader
width of the wires, had a higher height difference than wires which grew at a
slower speed. This implies that during growth, each Ge wire had undergone
different amount of vertical intermixing depending on the step speed. This new
type of vertical intermixing which is dependent on the step speed is termed:
Growth-front induced intermixing.
Figure 5.16 is a ball model schematic which shows the principle of growth
front induced intermixing. During growth, Ge atoms which reach the step edge
and are at the growth front of the advancing step edge (case (b)) have more
steric freedom for exchange and intermix with the Si atoms in the lower bilayer.
The steric freedom is a natural consequence of the open structure at step edges.
However, as soon as more Ge atoms arrive and attach at the step edge, the Ge
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Figure 5.17: Experimentally observed dependence of the apparent height differ-
ence on the step speed for wires grown at three different temperatures. The solid
lines are the theoretical fit with the model of growth front induced intermixing.
atoms which no longer remain at the growth front of the advancing step edge (case
(a)) get lesser steric space and cannot intermix with the underlying Si atoms. The
growth front induced intermixing would naturally depend on step speed because
the duration of time, t
′
, a Ge atom is at the growth front is inversely dependent
on the step speed v of that Ge wire.
We use the same model which we used earlier to describe vertical intermixing
at the terrace. However, there are two modifications for the vertical intermixing
at the step edge. The rate constants for Ge/Si and Si/Ge intermixing at the step
are expected to be different from those at the terrace so kA and kB are replaced
by k
′
A and k
′
B. The rate constant k
′
A is the rate for Ge from second layer to
exchange with Si in the first layer at the step edge while k
′
B is the rate for Ge
from the first layer to exchange with Si in the second layer, at the step edge. The
time t, is replaced by time t
′
, the time the Ge atom remains at the growth front
of the step edge.
According to the model of growth-front induced intermixing, the Ge concen-
tration, n, in the surface layer will depend on k
′
A, k
′
B, the growth temperature,
T and the the amount of time t
′
that Ge atom is at the growth front (t
′
= d
v
)
(where d is the terrace width and v is the step propagation speed),
n =
k
′
A
k
′
A + k
′
B
(1 +
k
′
B
k
′
A
exp−(k′A + k
′
B)t
′
), (5.20)
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Figure 5.17 shows the dependence of the measured height difference on step
speed for Ge wires grown at three different substrate temperatures. Under similar
growth conditions, the height difference shows an increase as a function of step
speed. The height difference increases and is expected to saturate at a maximum
value of 1.1 A˚ which would correspond to presence of 100% Ge in the surface
bilayer. The Ge wires grown at 420°C shows a constant apparent height differ-
ence of 1.05 A˚ for all step speeds because at this temperature there is negligible
intermixing during the growth of the Ge wire. For the Ge wires grown at 450°C,
the height difference is smaller at slower step speeds than at faster step speeds.
It approaches the value of 1.05 A˚ for larger step speeds. At lower step speeds,
the temperature is sufficiently high to cause some amount of Ge-Si vertical inter-
mixing leading to a lower height difference. At higher step speeds the step grows
so fast that there is not sufficient time for the Ge atoms at the growth front to
undergo intermixing. For the Ge wires grown at 480°C, the largest variation in
the height difference as a function of step speed is seen. Even during the small
time available for the Ge atom at the growth front to undergo intermixing, the
temperature is high enough to cause some intermixing with the Si atoms in the
underlying bilayer.
Using equation 5.20, the data of Figure 5.17 have been fitted as shown by the
line in the figure and the activation energies have been extracted. The values of
EA and EB for each of the three different temperature sets are EB (step)= 1.89
± 0.05 eV and EA (step) = 1.92 ± 0.05 eV.
5.4.3 Ge wire annealed after growth
Annealing is expected to induce Ge-Si diffusion in the lateral as well as the
vertical direction. Ge containing wires were grown on a Bi/Si(111) substrate at
a temperature of 420°C for 5 minutes. The Ge deposition rate was 0.1 BL/min.
Under this growth condition the vertical intermixing is expected to be negligible
and a height difference of 1.05 A˚ is measured between Si and Ge wires. The wires
are then annealed at a constant annealing temperature in several steps of time. A
continuous Bi flux of 4 ML/min is provided to prevent any Bi desorption . At each
step the annealing is temporarily stopped and STM scans are performed. Line
scans are taken across the Si-Ge interface to estimate the amount of lateral and
vertical diffusion. The annealing is performed for three different temperatures of
425°C, 450°C and 475°C.
The amount of vertical diffusion can be estimated from the change in the
height difference as compared to that measured immediately after growth. Fig-
ure 5.18 shows the line scans taken over the Si-Ge interface for the case where
the Ge wires are annealed at 425°C for the times specified in the figures. The
height difference decreases homogeneously with annealing time. A decrease in
the height difference implies that vertical intermixing has taken place between
the atoms in the Ge wire of the surface layer and the Si atoms in the subsurface
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Figure 5.18: Line scans taken over the Si-Ge interface for the case where the Ge
wires are annealed at 425°C for the times specified in the figure. The decrease of
the apparent height as a function of time is indicative of vertical Ge intermixing
with Si.
layer. The data from this annealing procedure and also those for the case in
which annealing were done at annealing temperatures of 450°C and 475°C are
plotted in figure 5.19. In all the three annealing procedures a similar trend is
observed. The reduction in the height difference continues with annealing till it
reaches a saturation value. Irrespective of further annealing the height difference
continues to stay at the saturation level. The rate at which the samples annealed
at different temperatures reach the saturation level is different.
If the system had followed the bulk vertical diffusion model in which Ge
atoms in the Ge containing wires at the surface interchange with Si atoms in
all the underlying bilayers then the height difference would have continued to
decrease till the Ge content in the Ge wire and the height difference reduced to
zero. According to the plot in figure 5.19, however, the height difference decreases
to a saturation value of 0.7 A˚ and does not decrease any further. The value of the
apparent height difference being 0.7 A˚ implies the case where the concentration
of Ge in both the first and the second layer is 50%. This can be concluded
because substitution of the values of n = 0.5 in equation 5.9 (1.1 and 0.3 being the
calibration factors α and β for the first and the second layer, respectively) would
result in a height difference of 0.7 A˚. This type of vertical diffusion where the Ge
concentration in both the first and the second layer is equal to 50% and the lowest
apparent height difference observed after long term annealing is 0.7 A˚ supports
our assumption that the system follows the two state intermixing model in which
the Ge atoms in the Ge wire interchange only with the Si atoms which lie in
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Figure 5.19: The change in the Ge concentration profile at the surface as a
function of annealing time for three different annealing temperatures. The solid
lines are theoretical curves fitted in accordance with the two-layer intermixing
model.
the immediate lower bilayer. If we assume the activation energies for Ge/Si and
Si/Ge interchange to be equal (EA = EB) and if we assume concentration of Ge
in the surface layer would be 50% and try to solve the equation 5.21 , we can
conclude a value of 0.5 for nf .
nf ≈ 1
1 + exp(EA−EB
2kT
)
, (5.21)
Fitting simultaneously all the experimentally observed curves with the model
of two level intermixing using equation 5.18, yields the activation energies of
Ge/Si and Si/Ge intermixing as 2.21 ± 0.05 eV and 2.21 ± 0.05 eV, respectively.
The cause for this equality could be the minimum energy surface configuration.
As per surface energy considerations, the minimum energy would be when Ge
is on the surface which would support the case EA > EB. However the strain
energy arising due to the mismatched lattice constant of Si and Ge would be
minimized if there is a homogenous SiGe alloy formed on the surface. Formation
of an alloy would be possible if EA < EB initially. A balance between the two
results in the case EA = EB.
We observe here that the values of the activation energies for the Si/Ge and
Ge/Si exchange by growth front induced vertical intermixing are lower than the
values calculated for Si/Ge and Ge/Si exchange by vertical intermixing. The
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Figure 5.20: STM image of Ge containing wires on Bi/Si(111) which were grown
for a total time of 10 minutes at 420°C along with the corresponding line scan.
Image size = 900 A˚× 750 A˚.
reason for this is that vertical intermixing has a lower barrier at the step edge as
compared to when it is buried within the terrace due to the open steric space at
the step edge.
5.4.4 Gradient in the height difference of a Ge wire
When Ge atoms are deposited on a Si substrate to form a Ge containing wire, they
attach to the Si step edge and undergo growth front induced intermixing with the
Si atoms till they remain at the growth front of the advancing step edge. When
they are confined by freshly deposited Ge atoms, which attach to the Ge wires
in accordance with step flow growth, they remain no longer at the growth front.
The amount of growth front induced intermixing a Ge atom in a Ge containing
wire undergoes is the same throughout the width of the Ge wire because the step
speed is a constant. Thus if we consider only this type of intermixing to be active
during the growth process of the Ge wire then a homogeneous height difference
would be expected throughout the width of the Ge wire. However, we know that
after a Ge atom is buried by other atoms it can still undergo another type of
intermixing which is vertical intermixing. This is because once the Ge atom is
confined by other atoms its condition is similar as being subject to annealing at
the growth temperature of the Ge wire. The period of the annealing starts from
the time the Ge atom was replaced at the growth front by newly deposited Ge
atoms and lasts till the growth of the Ge wire is completed.
As an example we consider the Ge wire shown in the figure 5.20. This wire
was grown for a total time of 10 minutes at 420°C. The Ge deposition rate was
0.05 BL/min and the Bi deposition rate was 2.5 ML/min. The Ge atom which
attached first to the Si step edge (position A) is annealed for 10 minutes while
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(a)
(b)
Figure 5.21: (a) STM image of the Ge wires grown at 450°C at ultra low depo-
sition rates of 0.01 BL/minute and the line scan across one of the wires. Image
size = 3700 A˚× 4000 A˚. (b) STM image of the Ge wires grown at 425°C at ultra
low deposition rates of 0.01 BL/minute and the line scan across one of the wires.
Image size = 2000 A˚× 1700 A˚.
the Ge atom in the middle of the wire (position B) is annealed for 5 minutes.
In contrast the Ge atom which attached itself last to the end of the Ge wire
(position C) has a total annealing time of zero minutes because as soon as it was
attached, the growth of the Ge wire had stopped. Thus we can conclude that
the Ge atom at position A was subject to 10 minutes more annealing than the
atom at position C therefore it was also subject to 10 more minutes of vertical
intermixing with the Si atoms in the underlying bilayer. A lower height difference
is therefore expected at position A since there has been 10 minutes of vertical
intermixing than at position C where there has been no vertical intermixing. The
expected gradient is however not seen in our line scans of the Ge wires. Let us
discuss figure 5.19 again, which shows the change in the surface Ge concentration
as a result of post growth annealing. When the Ge wire was annealed at 425°C,
the height difference reduced from 1.05 A˚ to 0.7 A˚ in 250 minutes of annealing.
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From the equation depicting the trend of reduction of height difference, it can be
seen that the height difference would reduce by only 0.05 A˚ after 10 minutes of
annealing. This is suggestive of the following possible reason for non observation
of the gradient. It can be that, 10 minutes being a short period of time, a very
small amount of vertical intermixing takes place which may lead to a gradient of
only about 0.05 A˚ which is too small to be observed.
Therefore, in a separate experiment the Ge wire was deposited over a period
of 60 minutes using ultra low Ge deposition rates of the order of 0.01 BL/minute.
The growth temperature was chosen to be 450 °C after confirming with the fig-
ure 5.19 on study of vertical intermixing that in a time period of less than 60
minutes the height difference decreases from around 1.05 A˚ to about 0.7 A˚. A
height gradient of 0.3 A˚ was expected to be seen from the line scan of this wire.
After growth, STM images were taken. Figure 5.21(a) shows the STM scan and
the line scan of a Ge wire. As another example, figure 5.21(b) shows the STM
image and the line scan for the Ge wire grown at 0.01 BL/minute at 425°C for
a total time of 60 minutes. From the line scan of figure 5.21(a), we could see no
gradient but rather a constant homogenous height difference along the width of
the Ge wire. Another noticeable feature is that the height difference is 0.8 A˚. The
reason for the height difference being 0.8 A˚ instead of 1.05 A˚ is the slow step
speed with which the Ge wire grows in the ultra low deposition rate experiment.
The slow step speed results in more time for a Ge atom to be at the growth front
and therefore more time for growth front induced intermixing with the Si atoms.
Therefore, the maximum height within the Ge wire is reduced to a lower value
due to the its slow speed growth.
On the other hand, the minimum height difference of the Ge wire at the growth
temperature of 450 °C cannot be lower than 0.7 A˚ as that is the saturation value
of Ge atoms in the surface bilayer in the two layer intermixing model. Thus the
gradient in the height difference of the Ge wire grown over a period of 60 minutes
is of the order of 0.1 A˚ which is too small to be noticed within the accuracy of our
measurement and we therefore do not observe any gradient. Growing a Ge wire
over an even longer period of time will not cause any decrease in the minimum
height difference of the wire but will further lower the maximum height difference
due to the slower step speed and therefore more amount of growth front induced
intermixing.
5.5 Summary
Ge/Si intermixing at the surface was studied using STM. The study was possi-
ble because Si and Ge could be separately identified due to an apparent height
difference between them in STM images when the surface was terminated by one
monolayer of Bi. For calibration, GexSi1−x wires were deposited along Si step
edges. The apparent height difference between Si and the GexSi1−x areas was
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noted for values of x ranging from 25 % to 100%. In addition to this surface cal-
ibration, the contribution from Ge present in the subsurface (second) and third
layer to the apparent height difference was also estimated.
It was attempted to study surface Si-Ge intermixing both in the lateral and the
vertical direction. For the purpose of detecting lateral intermixing, Ge containing
wires were deposited along Si step edges at different substrate temperatures. The
lateral width was extracted from line scans taken across the Si and Ge interface.
The lateral width remains constant with growth temperature variation. The
STM images show a atomically sharp interface between Si and Ge areas instead
of a smeared interface as would be expected in case of lateral intermixing. These
observations indicate the absence of lateral intermixing. However it must be
kept in mind that the length scale of sensitivity in the observation of lateral
intermixing (∼ 25 A˚) is different from that for vertical intermixing (∼ 3 A˚) due
to the limited lateral resolution in our STM images. Thus, we are not so sensitive
to the lateral intermixing.
Vertical intermixing was observed during (a) growth of Ge on Si at different
substrate temperatures, (b) growth of Ge on Si at different step speeds and (c)
post growth anneal of Ge after growth on Si. While we observe conventional
vertical intermixing in case (a) and (c), the case (b) indicates a different type
of vertical intermixing which is dependent on speed of growth of Ge containing
wire on Si. This type of vertical intermixing is termed growth front induced in-
termixing as the duration of vertical intermixing depends on the time the Ge is
present in the growth front of the advancing step edge. Activation energies for
Ge-Si exchange and Si-Ge exchange are calculated on basis of fits of experimental
data with models for vertical intermixing and growth front induced vertical in-
termixing. The activation energies for growth front induced vertical intermixing
(at the step edge) is slightly lower than that for vertical intermixing (when Ge is
buried within the step) due to the open steric space at the step edge.
Chapter 6
Intermixing on surfaces with
different reconstructions
6.1 Introduction
In the previous chapter, we have studied Ge/Si intermixing in detail on the 1
ML Bi covered Si(111) surface having the 1 ML Bi (
√
3 × √3) reconstruction.
In this chapter, we attempt to study Ge-Si intermixing on surfaces with different
reconstructions like the 1
3
rd
ML Bi (
√
3 × √3) reconstruction and the Si-(7 ×
7) reconstruction. We try to create a template where we have regions having
both these reconstructions adjacently on the same surface. We then study Ge-
Si intermixing by depositing submonolayer amount of Ge on this template. We
call the region having the 1
3
rd
ML Bi (
√
3 × √3) reconstruction as Bi domain
region and the region having Si-(7 × 7) reconstruction as clean Si region. We also
create templates where we have only the 1
3
rd
ML Bi (
√
3 ×√3) reconstruction and
templates where we have only the Si-(7 × 7) reconstruction. Ge is also deposited
on these templates and the Ge/Si intermixing studied.
6.2 A review of the Bi-covered (
√
3 × √3) re-
constructed Si(111) surface
It is useful to have a brief review of the atomic and electronic structures of the
Si surface covered with Bi adatoms. The formation of the Si(111)-Bi (
√
3 ×√3)
reconstructed surface, formed by Bi-trimers for a Bi coverage of 1 monolayer
(ML), was proposed by Takahashi et al. [43], and confirmed by Shioda et al.[44]
and Nogami [45]. However, they obtained three different STM images: trimers
(milkstool model), honeycomb, and monomers (T4 model), depending of the tip-
sample applied bias voltage. Other studies using STM and LEED also identified
three distinct phases depending on the Bi coverage: monomer, trimer, and hon-
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(a) (b)
Figure 6.1: Top view of the atomic structure of the Bi/Si(111)
√
3 ×√3 surface
for the two different Bi coverages.(a) 1
3
ML (T4 model) and (b) 1 ML (milkstool)
model.
eycomb phases [46]. The (
√
3 ×√3) symmetry is preserved for these phases in
the LEED observation. However a recent ab initio study of the stability, atomic
geometry and electronic structure of the Bi/Si(111) surface reveals that the hon-
eycomb structure does not exist [15]. Figure 6.1 is a schematic of the actual two
structural models of the Bi covered Si(111) surface. At low coverages, Bi atoms
are found to occupy the T4 site. In this adsorption geometry, the monomer phase
(α phase) is formed stably up to the ideal coverage of 1/3 ML. In the trimer
phase, at the saturation coverage of 1 ML, the individual atoms of the Bi clusters
are clearly resolved. By considering the two structural models, for different con-
centrations of Bi adatoms they show that for high concentration of Bi (1 ML),
the milkstool model formed by Bi-trimers represents the energetically most stable
structure. Upon reducing the coverage of Bi adatoms to 1/3 ML, the T4 model,
formed by Bi-monomers adsorbed in the T4 sites, becomes the energetically most
stable structure [47].
6.3 Bi domain on Si(111) by submonolayer Bi
deposition
A natural approach to have Bi domains on a clean Si surface would be to deposit
submonolayer amount of Bi on Si. However, as will be discussed in the next
section, it is also possible to create Bi domains by controlled desorption during
annealing of the 1 ML Bi covered Si (111) surface.
The STM image in figure 6.2 shows the surface morphology after deposition
of 1
10
th
ML of Bi on a clean Si surface at 550 °C. This deposition resulted in
displacement of Si adatoms from the (7 × 7) unit cell and incorporation of Bi
on the displaced sites. These incorporated Bi adatoms are the brighter adatoms
on the (7 × 7) unit cell in figure 6.2. The STM image in figure 6.3 shows the
surface morphology after deposition of 1
6
th
ML of Bi on a clean Si surface at 550
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Figure 6.2: STM image taken after deposition of 1
10
th
ML Bi on Si(111). Image
size = 650 A˚× 500 A˚.
0 50 100 150 200 250
0
1
2
3
4
5
1.5 Å
 
 
H
ei
gh
t [
Å
]
Lateral dimensions [Å]
Si
Si
1 ML Bi
Figure 6.3: STM image taken after deposition of 1
6
th
ML Bi on Si(111) along with
a line scan to estimate the height of the Bi layer. Image size= 450 A˚× 550 A˚.
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°C. This deposition resulted in a combination of the surface as that seen at 1
10
th
ML coverage with some areas of 1 ML Bi (
√
3 × √3) reconstruction domains.
The Bi adatoms in the Bi domain in this image are all of the same contrast. The
height of the 1 ML Bi domain above the (7 × 7) Si surface was calculated from
the line scan to be 1.5 A˚. However, such a surface is not suitable for our study
as we have neither clean Si (111) (7 × 7) surface nor any specific large area of 1
ML or 1
3
rd
ML (
√
3 ×√3) reconstruction Bi domains.
6.4 Bi domain on Si(111) by Annealing
Another possibility to obtain large Bi domains coexisting with clean Si surfaces
is to anneal a Si(111) template which is terminated by a full monolayer of Bi.
Controlled annealing could result in a template with (a) Bi domain areas, where
Bi is not removed from Si (111) and (b) Clean Si areas, where Bi is completely
removed from the Si (111).
The Si(111) sample is flashed to get a (7 × 7) reconstructed surface. A
monolayer of Bi is deposited on this regularly stepped clean Si (111) surface at
550 °C. After Bi deposition, the surface has a 1 ML Bi (
√
3 ×√3) reconstruction
typical of the 1 ML Bi overlayer. This surface is annealed at 550 °C for 10
minutes. Due to the geometrical shape of the sample holder, when current is
passed through the sample and the sample holder during annealing, one extreme
end of the sample is heated about 40 °C more than the other extreme end. This
temperature gradient can be measured by our infrared pyrometer. This is useful
as one can see the results of annealing at three different temperatures in one
single experiment from STM images. In the present case, we will study the result
of annealing at temperatures of 530 °C, 550 °C and 570 °C on the same sample.
Figure 6.4 (a) is an STM image of that part of the sample which was annealed
at 530 °C for 10 minutes. The image shows predominantly the 1
3
rd
ML Bi (
√
3 ×√
3) reconstruction of Bi. It is to be noted, however, that this reconstruction is
not the same as seen for 1 ML Bi coverage. The typical 1 ML Bi (
√
3 × √3)
reconstruction surface has adatoms of the same brightness. However, in this case
some adatoms appear brighter than the others. The dark adatoms are the Si
atoms of the substrate which had exchanged with the Bi adatoms during the
change of reconstruction from Si-(7 × 7) to the 1
3
rd
ML Bi- (
√
3 × √3). The
bright and darker adatoms are arranged in an inhomogeneous pattern. This is the
1
3
rd
ML Bi (
√
3 ×√3) reconstruction template for the study of Si-Ge intermixing.
Figure 6.4 (b) is an STM image of that part of the sample which was annealed
at 570 °C for 10 minutes. We see (7 × 7) reconstruction all over the area which
means that this temperature was too high and this resulted in almost complete
desorption of Bi from the Si(111) surface. However, some brighter adatoms are
also seen in the image which seem to replace the Si adatoms in the reconstruction.
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Figure 6.4: (a) STM image of that part of the sample which was annealed at 530
°C for 10 minutes. The image shows predominantly a 1
3
ML Bi
√
3 ×√3 region
of Bi. Image size = 1500 A˚× 1100 A˚. (b) STM image of that part of the sample
which was annealed at 570 °C for 10 minutes. We see (7 × 7) reconstruction all
over the area which means that this temperature was too high and has desorbed
homogenously almost all Bi from the Si(111) surface. Image size = 650 A˚× 650
A˚.
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These are residual Bi adatoms which did not desorb during annealing. This is
the Si (7 × 7) reconstruction template.
An STM image, of the center part of the sample, taken after the annealing
is shown in figure 6.5. This is the region which was annealed at 550 °C for 10
minutes. There are two reconstructions simultaneously present in an ordered way
on the same surface. The vertical half portion of the terrace (parallel and) on the
left side of the step edge has the (7 × 7) reconstruction typical of Si(111) while the
other portion of the terrace has the 1
3
rd
ML Bi- (
√
3 ×√3) reconstruction. During
annealing, it was easier for the Bi adatoms closest to the step edge to desorb than
for those Bi adatoms which were farther away from the step edge. Thus, we had
a systematic removal starting from the step edge. Thus, by controlled annealing
under these conditions, it has been possible to create a template having adjacently
placed 1
3
rd
ML Bi (
√
3 × √3) reconstruction and Si (7 × 7) reconstruction on
the same surface.
In the 1
3
rd
ML Bi domain region, we see the inhomogeneous bright and dark
adatom pattern. The height of this Bi layer is 0.8 A˚ as can be seen from the
linescan. In the linescan of figure 6.3, we had calculated the height of 1 ML Bi to
be 1.5 A˚. The unusual inhomogeneous pattern in figure 6.5 and the lower height
with respect to the 1 ML Bi layer confirms that we have correctly assumed this
to be a 1
3
rd
ML Bi coverage. Perhaps, the temperature was not sufficient to cause
complete Bi desorption although it was high enough to cause some Bi desorption.
This could result in change from the 1 ML Bi coverage to 1
3
rd
ML Bi coverage.
The brighter adatoms in the Si region are residual Bi adatoms and are suggestive
that a very small amount of Bi remains undesorbed.
6.5 Deposition of Ge
In the next step, 0.2 BL Ge was deposited on this template at a low tempera-
ture of about 300 °C. The low temperature is expected to restrict the vertical
intermixing to the first two surface layers in accordance with the model of two
layer intermixing discussed in the previous chapter. The deposition conditions
are expected to result in growth mainly by island formation and not by step flow.
6.5.1 Surface morphology of the 13
rd
ML Bi (
√
3 × √3)
reconstruction template
Figure 6.6 is a STM image taken after deposition of 0.2 BL Ge. Two types of
islands are seen on the terrace. Most of the islands have the (7 × 7) reconstruction
at the surface while a few have the 1 ML Bi (
√
3 ×√3) reconstruction. Some of
the Bi which was displaced during the Ge deposition formed islands with the 1
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Figure 6.5: The atomically resolved STM image of that part of the sample which
was annealed at 550 °C for 10 minutes. The 1
3
rd
ML Bi (
√
3 ×√3) reconstruction
and Si-(7 × 7) reconstruction are simultaneously present in an ordered way on
the same surface. A linescan is taken to estimate the height of the 1
3
rd
ML Bi
layer. Image size = 850 A˚× 700 A˚.
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1/3 ML Bi
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1/3 ML Bi
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1 ML Bi
Figure 6.6: STM image taken after deposition of 0.2 BL Ge on the surface which
had been subject to annealing at 530 °C in the previous stage. The step edges
are decorated by a (7 × 7) pattern. Image size = 1100 A˚× 1100 A˚.
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Figure 6.7: An atomically resolved STM image taken after deposition of 0.2 BL
Ge on the surface which had been subject to annealing at 530 °C in the previous
stage. Two types of islands are seen on the terrace. Most of the islands have
the (7 × 7) reconstruction at the surface while a few have the 1 ML (√3 ×√3)
reconstruction. Image size = 720 A˚× 670 A˚.
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Figure 6.8: STM image shows the morphology after Ge deposition on the surface
which had been subject to annealing at 570 °C in the previous stage. The entire
surface shows mostly (7 × 7) reconstruction with occasional areas of (5 × 5)
reconstruction and Bi adatoms. Image size = 1600 A˚× 1300 A˚.
ML (
√
3 ×√3) reconstruction. The reconstruction pattern is not inhomogeneous
as that of Bi on the terrace. It is interesting to note that in this surface, we are
able to observe regions of the 1 ML Bi (
√
3 × √3) reconstruction and 1
3
rd
ML
Bi (
√
3 × √3) reconstruction on the same surface. The islands formed by the
displaced Bi have 1 ML coverage which is about 0.8 A˚ higher than the 1
3
rd
ML
Bi coverage.
The step edges are decorated by a (7 × 7) reconstruction. A magnified image
of the surface morphology can be seen in figure 6.7. The step edge decoration
can only be due to the deposited Ge atoms. The unusual observation about
the Ge decorating the step edges and the Ge islands is that they have (7 × 7)
reconstruction on their surface which meant that the Bi has not floated to the
top as in case of normal surfactant mediated growth. Perhaps this was due to
the fact that the SME behavior of 1
3
rd
ML Bi coverage is different than that of
1 ML Bi coverage and perhaps the temperature of 300 °C was too low for the
Bi-Ge exchange to occur.
6.5.2 Surface morphology of the Si (7 × 7) reconstruction
template
The STM image in figure 6.8 shows the morphology after Ge deposition. The
entire surface shows mostly (7 × 7) reconstruction with occasional areas of (5 ×
5) reconstruction. There are also some single bright adatoms which represent the
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Ge
Si
Si
Si
Ge
Figure 6.9: The atomically resolved STM image shows the morphology after Ge
deposition on the surface which had been subject to annealing at 570 °C in the
previous stage. The terrace as well as the island surface is a mixture of (7 × 7)
and (5 × 5) reconstruction. Image size = 750 A˚× 750 A˚.
residual Bi after the annealing process. To study the islands in some detail we
look at the magnified image in figure 6.9. The island surface is a mixture of (7 ×
7) and (5 × 5) reconstruction. The islands are mostly randomly placed however
they prefer to form at step edges and in areas where there is relatively clean (7
× 7) Si reconstruction.
6.5.3 Surface morphology of the adjacently placed 13
rd
ML
Bi (
√
3 ×√3) and Si (7 × 7) template
The STM images taken after Ge deposition in figure 6.10 show that most of the
(7 × 7) reconstructed Ge islands formed on the Bi 1
3
ML (
√
3 ×√3) area while
almost no Ge islands can be seen in (7 × 7) Si area. Some islands with 1 ML
(
√
3 × √3) reconstruction are also seen on the terrace. There are arrays of Ge
islands formed at the 1
3
ML Bi (
√
3 × √3) and (7 × 7) boundary. This is an
observation to be carefully noted as in the next stage after 1 ML Bi is deposited
on this template, resulting in 1 ML (
√
3 ×√3) all over the surface, these array
of Ge islands will help to distinguish between previously 1
3
ML (
√
3 ×√3) and
(7 × 7) reconstruction areas. The atomically resolved image in figure 6.11 shows
Bi trimers on the Bi islands and also show that the Si area has also (5 × 5)
reconstruction in some areas. Some islands also have (5 × 5) reconstruction.
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Figure 6.10: The STM image taken after Ge deposition on the surface which had
been subject to annealing at 550 °C in the previous stage. It can be seen that
most of the (7 × 7) reconstructed Ge islands formed on the Bi (√3 ×√3) domain
area while almost no Ge islands can be seen in Si (7 × 7) domain area. Some
islands with (
√
3 × √3) reconstruction are also seen on the terrace. There are
arrays of Ge islands formed at the (
√
3 ×√3) and (7 × 7 boundary). Image size
= 1400 A˚× 1180 A˚.
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Figure 6.11: The atomically resolved STM image shows Bi trimers on the 1 ML
Bi islands and also show that the Si area has also a (5 × 5) reconstruction in
some areas. Some islands have also (5 × 5) reconstruction. Image size = 1100
A˚× 1350 A˚.
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6.6 Surface termination by 1 ML Bi
Finally, this template is terminated by 1 ML of Bi deposited at 300 °C. The Bi
termination is necessary in order to see the apparent height contrast between the
Ge rich and the Si rich areas. The Ge rich areas will appear higher than the Si
rich areas in STM images when they are terminated by 1 ML Bi.
6.6.1 Surface morphology of the 13
rd
ML Bi (
√
3 × √3)
reconstruction template
Figure 6.12 (a) is a STM image taken after the 1 ML Bi termination. The entire
surface has a 1 ML Bi (
√
3 × √3) reconstruction (not obvious in this image
due to its large size) due to Bi termination. The step edges where some Ge had
attached during Ge deposition shows an apparent higher height than the rest of
the terrace. This indicates that the step edge is a Ge rich region. A line scan
across one of the islands show the island height to be 3.9 A˚ which is higher than
an average Si step height, indicating that the islands have a Ge rich content. This
proves that 1
3
rd
ML Bi coverage is also sufficient to have a similar surfactant effect
as 1 ML Bi coverage. Specifically, it prevented complete Ge-Si intermixing in the
initial stage and the 1 ML Bi termination was thereby successful in showing a
higher apparent height difference for the Ge-rich islands and step edges.
6.6.2 Surface morphology of the Si (7 × 7) reconstruction
template
The STM image of the figure 6.12 (b) taken after the Bi termination shows no
apparent height difference at the step edges. A line scan across one of the islands
reveal a height of 3.5 A˚ which is slightly higher than the regular Si step height.
If the island were composed of Ge, then the height of the island should be ∼ 3.9
A˚. The lower height implies that the islands are composed of a SiGe alloy formed
due to Ge-Si intermixing during Ge deposition. A few Ge islands have another
Ge island on top of their surface. The absence of an apparent height difference in
this area could only be due to complete Ge-Si intermixing during Ge deposition.
The complete intermixing is also expected since the Ge was deposited on a Si
surface from which almost all Bi had been desorbed by annealing.
6.6.3 Surface morphology of the adjacently placed 13
rd
ML
Bi (
√
3 ×√3) and Si (7 × 7) template
The STM images in figure 6.13, taken after the Bi termination, show a 1 ML Bi
(
√
3 × √3) reconstruction all over the terrace and on the islands. Normally it
would have been difficult to differentiate between the regions having Bi domains
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Figure 6.12: (a) STM image taken after the 1 ML Bi capping on the surface
which had been previously subject to annealing at 530 °C. The step edges where
some Ge had attached during Ge deposition shows an apparent higher height
than the rest of the terrace. This indicates that the step edge is a Ge rich region.
A line scan across one of the islands show the island height to be 3.9 A˚. Image
size = 900 A˚× 900 A˚. (b) The STM image taken after the Bi termination on the
surface which had been subject to annealing at 570 °C shows no apparent height
difference at the step edges and the line scan across one of the islands reveal a
height of 3.5 A˚. A few Ge islands have another Ge island on top of their surface.
Image size = 1350 A˚× 1350 A˚.
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Figure 6.13: The STM images taken after the Bi termination on the surface,
which had been subject to annealing at 550 °C, show a
√
3 ×√3 reconstruction
all over the terrace and on the islands. Image size = 900 A˚× 900 A˚. The line
scans denoted by C and D are taken over islands in the Bi domain region and
the Si domain region, respectively.
from those having clean Si domain. However, if we briefly review the morphology
prior to the Bi termination, we recall that the islands predominantly formed
on the Bi domain region. There was also an array of islands in the boundary
between the Bi and the Si domain region. After the Bi termination experiment,
these array of islands at the boundary have coalesced. The region to the left of
the array islands is the Bi domain region while that to the right is the Si region.
The line scans denoted by C and D are taken over island in the Bi domain region
and the Si domain region, respectively. It can be seen that the island on the Bi
region appears about 0.55 A˚ higher than the island in the Si region. This implies
that the island in the Si region is a Ge-Si homogenous alloy while the island in
the Bi domain is rich in Ge content.
It seems that the Ge atoms arriving on the Bi domain region went through
insignificant intermixing with the Si substrate atoms due to the presence of the
Bi layer. Therefore, the islands they formed were Ge-rich islands and the terrace
remained Si-rich. However, the Ge atoms arriving in the Si domain region seem to
have undergone extensive intermixing with the Si substrate atoms due to absence
of any Bi layer. This resulted in formation of a Si-Ge homogenous adatom gas
during Ge deposition and therefore the islands which were formed were of a Ge-Si
alloy having the same composition as the terrace. Thus the termination by the
1 ML Bi showed the island height to be almost the same as Si step height. The
reason for the island height to be about 0.3 A˚ higher than the Si step height
could be attributed either to the presence of residual Bi which was still present
on the Si domain region which could have reduced the extent of the complete
100% intermixing to 90% or it could also be due to a slight error in the line scan
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in our measurement which could be about 0.1 A˚.
6.6.4 Summary
We have succeeded in creating a template which has regularly placed 1
3
rd
ML Bi-
(
√
3 ×√3) domains and clean Si regions simultaneously present adjacently on the
same surface. We have studied Ge/Si intermixing when submonolayer amount of
Ge is deposited on surfaces with the 1
3
rd
ML Bi (
√
3 × √3) reconstruction and
the Si-(7 × 7) reconstruction. We have observed significant Ge-Si intermixing on
the region having Si-(7 × 7) reconstruction while the region having the 1
3
rd
ML
Bi (
√
3 ×√3) reconstruction showed negligible Ge/Si intermixing. We conclude
that this is due to the fact that the presence of Bi on the Si substrate restricts
largely the vertical intermixing between Si and Ge.
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Chapter 7
Removal of the surfactant
In growth of Ge on Si, the Ge film is under a large compressive stress. In the case
of surfactant-mediated growth this compressive strain in the Ge layer is relieved
by dislocations, which form a dislocation network [7, 12, 52, 53]. This network is
an efficient way of relieving this lattice mismatch induced strain. Bi is considered
to be one of the ideal candidates as a surfactant for the Ge/Si system. This is
because the larger covalent radius of Bi reduces its binding energy, allowing very
efficient segregation and low doping levels of Bi in Ge film. As compared to Sb,
the solid solubility of Bi in Ge is 3 orders of magnitude lower [54].
This single monolayer surfactant layer on the surface is undesirable for device
applications and for the purpose of doing fundamental experiments on the undu-
lated surface. For example, in studying effect of strain on diffusion, the surfactant
layer makes an additional influence on diffusing atoms, which makes interpreta-
tions on effect of strain on diffusion difficult [55]. It would thus be useful if this
surfactant layer could be removed without destroying the underlying Ge/Si film.
Some authors have previously attempted in-situ annealing methods for sur-
factant removal. For instance, Horn-von Hoegen et al. [18] have tried to remove
the surfactant film by flashing at 715 °C for five minutes but they obtained a
rough Ge film. Schmidt et al. [56] also found that Bi could be removed by mild
annealing of the film at 520 °C from their Auger electron spectroscopy (AES)
data. However, nothing can be said about the surface quality of the underlying
Ge film after removal of surfactant from their AES data.
Another approach to remove a Bi monolayer is ion bombardment. Modifica-
tion of the semiconductor surface morphology under bombardment by relatively
low energy (< 400 eV) inert gas ions shows that there is a lower ratio of surface
to bulk damage as compared to bombardment by high-energy ions. Simulations
have suggested that the damage induced by low energy ions is confined to a very
few atomic layers near the surface, avoiding the collision cascades and substantial
bulk damage associated with higher energy ions [57, 58]. Low energy sputtering
by noble gas ions involves mobile vacancies, which nucleate ’vacancy islands’ or
depressions, and annihilate at step edges. Monte Carlo calculations indicate that
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bombardment of Ge surface with Xe ions cause 80% of the atomic displacements
to occur within the first three atomic layers of the sample which we consider to
be near surface region removal . It has also been demonstrated that low energy
ion beam sputtering can successfully perform layer-by-layer removal of surface
atoms on semiconductor and metal surfaces [59, 60, 61, 62].
Using STM, one can directly view the surface morphology and it is thus an
efficient method to study the surface structure. We have tried to remove the 1
ML Bi surfactant by two methods (a) annealing and (b) atomic layer removal by
low energy ion sputtering. Our observations indicate that while annealing does
remove the Bi it also destroys the underlying Ge film. Atomic layer sputtering
using Xe ions results in complete removal of the 1 ML Bi surfactant from the
surface of the Ge/Si film. The underlying Ge/Si film remains two dimensional
and smooth having the well-ordered 7 × 7 reconstruction on the surface. We also
confirm that at 20 BL Ge coverage, the Ge film is still not relaxed to its bulk
lattice constant. A clear proof is 3D islanding instead of two dimensional Ge
growth upon deposition of a few bilayers Ge on the sputtered two dimensional
Ge/Si (111) template.
7.1 Surfactant mediated growth of Ge on Si (111)
Initially a single ML of Bi is deposited on a clean Si (111)-7 × 7 reconstructed
surface at 500 °C. A Bi terminated (
√
3 × √3) R300 structure replaces the
Si(111)-7 × 7 reconstruction. We then deposit 20 BL of Ge on this substrate while
simultaneously co-evaporating Bi to compensate for any potential Bi desorption
at this temperature. Bi was deposited at a rate of 2 ML/min and Ge at a rate of
1 ML/min. The STM images were taken in the constant current mode at sample
bias between 2 to 3V and a tunneling current between 0.1-1 nA.
An STM image over a 2 µm × 2µm area after deposition of 20 BL Ge in
figure 7.1(a) shows a smooth two-dimensional Ge film. Figure 7.1(b) is a mag-
nification of Figure 7.1(a) where we see 1 BL high Ge islands. Some narrow
holes, about 3 bilayer deep can also be seen. This Ge film has misfit dislocations
at the interface, which relieve the strain of the Ge layer. For thin Ge films the
underlying dislocations induce a strain field, which lead to height undulations
at the surface [13, 52]. The amplitude of the surface undulations reduces as a
function of increasing Ge film thickness. In the current case of 20 BL thick films
no height undulations at the surface due to the dislocations are seen. For our
experiments, it is necessary to have such a high Ge coverage because at lower Ge
coverage the film surface is not completely flat [14, 20].
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Figure 7.1: (a) STM image after deposition of 20 BL Ge on Bi covered Si (111)
substrate. The Ge film is flat, smooth and 2-dimensional. A monolayer of Bi
floats at the film surface. Scan size: 2 µm × 2 µm. (b) The Ge islands in this
magnified image are 1 BL high. Narrow trenches ranging of around 2 to 3 bilayer
depth are seen in the film. Scan size: 570 nm × 570 nm.
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Figure 7.2: (a) An STM image of a 1 µm × 1 µm area after deposition of 10
bilayers Ge on Bi covered Si(111) substrate. Ge islands of a bilayer height are
seen along with some 9 bilayer deep trenches. The trenches are the result of
incomplete coalescence of some Ge mesas in Bi-SME at this coverage. (b) The
surface after nine minutes of annealing at 500 0C showing a mixture of regions
of the Bi
√
3 × √3 and disordered Ge (7 × 7) reconstruction. Scan size: 57
nm × 57 nm. (c) An atomically resolved image obtained after annealing for
a total time of 14 minutes at 500 0C shows the presence of only the Ge (7 ×
7) reconstruction and the absence of Bi
√
3 × √3 reconstruction which proves
complete Bi removal. Scan size: 37 nm × 37 nm (d) Even though annealing for
14 minutes, the Bi monolayer is completely removed from the surface, there are 8
nm deep regions approximately 150 nm apart having dimensions of 80 nm which
show that Ge film has started to crack and is no longer two dimensional. Scan
size: 600 nm × 600 nm.
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7.2 Surfactant removal by annealing
Annealing of the film is usually considered the simplest way to remove the atomic
layers from the film surface. The binding energy of the atomic layer (which is
to be removed) to the underlying layer is an important factor in determining
the time and temperature of annealing. 1 ML Bi is deposited on Si (111) and
attempts are made to desorb it by annealing at various combinations of time and
temperatures. Annealing at low temperatures in the range between 350 °C - 500
°C took very long time for Bi removal. Annealing for 5 minutes at 560 °C was
sufficient to remove 1 ML of Bi from Si substrate. LEED pattern changed from
(
√
3 ×√3) to (7 × 7) in that time. The next step was to remove Bi from Ge/Si
film at 500 °C. Ten bilayers of Ge were deposited on a Si (111) substrate which
was passivated by 1 ML Bi. As is in case of surfactant mediated growth, the
Bi monolayer floats on top of the film after Ge deposition. An STM image of
the prepared surface can be seen in Figure 7.2(a). We observe a few 1 BL Ge
islands and some trenches which are 9 BL deep. These trenches are a result of
incomplete coalescence of the Ge mesas at this coverage. Annealing this film for
9 minutes leads to partial desorption of Bi from the Ge/Si film. The STM image
of this surface in figure 7.2 (b) shows a mixture of regions of Bi and disordered
Ge. Annealing for 5 more minutes leads to complete removal of the Bi overlayer
from Ge as can be seen from the absence of the
√
3 ×√3 reconstruction of Bi in
the STM image of figure 7.2(c). The surface morphology over a large area of the
surface annealed for 14 minutes can be seen in the STM image in figure 7.2(d).
The image showed a surface roughness of the order of 3 atomic layers in most
parts of the film but there are triangular regions on the film surface of 90 nm
width, which consist of 8 nm deep holes. These regions are around 150 nm
apart. Though this procedure was successful in removal of the Bi film, it shows
a tendency to a break up of the Ge layer and gives a rough surface having very
deep holes. Thus annealing is not an efficient method for surfactant removal.
In fabrication of first Ge p-channel MOSFETs using relaxed Ge layers grown
on Si(111) substrate by SME, the surfactant was removed ex-situ by wet etching
[63]. It was not possible to remove the surfactant in-situ without destroying the
Ge film. Thermal surfactant desorption resulted in a breaking up of the Ge film
due to thermal stress. The Sb monolayer and some layers of Ge at the surface
were finally removed by wet etching (CH3COOH/H2O2/HF) to a depth of 5-10
nm [64].
7.3 Surfactant removal by sputtering
Sputtering is the process of release of atoms from the surface of a solid when
a beam of energetic particles is incident on it. The total erosion in sputtering
is measured by the sputtering yield Y defined as the average number of atoms
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removed from the surface of a solid per incident particle. Sputtering is used
today for many applications and is an indispensable process in modern technol-
ogy. Both the removal of atoms from a surface and the flux of atoms leaving
the surface are successfully applied. Sputtering allows a controlled removal even
of a very tightly bound surface layers on a nearly atomic scale and the possible
submicron spacial resolution if a well-focussed ion beam is used. Atomic layer or
monolayer removal of films using low energy bombardment by noble gas ions has
been successfully done in past on metals and also on Si and Ge semiconductor
surfaces [59, 60, 61, 62]. STM studies have also been performed on sputtered
surfaces, both metals and semiconductors, to investigate the interaction of low-
energy ion beams with solid surfaces. They show not only the changing step
structure and lateral depressions but also the evolving surface reconstruction
of the surface during sputtering. All these studies support a model, which is
analogous, but opposite to epitaxial growth. The epitaxial growth involves mo-
bile adatoms which nucleate islands and migrate to steps, while removal by low
energy sputtering involves mobile vacancies which nucleate ’vacancy islands’ or
depressions, and annihilate at step edges. We select ion sputtering to remove
1 ML Bi from the Bi/Ge/Si film. A RHEED study of ion beam roughening as
a function substrate temperature showed a lowering of degree of roughening of
the film with increasing temperature [59]. The roughening/ smoothening process
is mediated by the kinetics of surface defect migration and incorporation. The
vertical roughness decreases with increasing substrate temperature during sput-
tering. The substrate temperature is critical in maintaining the balance between
smoothening and roughening of the layer. On one hand, annealing at higher
temperatures could lead to a smoothening of the film due to increased surface
diffusion. On the other hand, kinetic barriers for the formation of strain relieving
defects like pits or cracks can be overcome at high temperatures. Many combi-
nations of temperatures and times were tested and Auger electron spectroscopy
(AES) was performed to have a quick estimate of the percentage of Bi removed
after sputtering. Finally some optimal values were decided from the experimental
tests. Figure 7.3(a) shows the AES spectrum of a sample where 6 BL Ge have
been deposited on the Bi terminated Si (111) substrate. The Auger intensity
peaks at 92 eV and 52 eV are due to Si and Ge respectively. Auger peaks at 101
eV, 130 eV, 249 eV and 268 eV are from Bi. The Bi also shows an auger peak at
96 eV, which cannot be resolved from the 92 eV peak of Si. At this Ge coverage,
our sample surface consists of about 80 % of the surface to be Bi terminated Ge
mesas and the rest of the surface to be Bi terminated wetting layer [40]. Figure
7.3(b) is the AES spectrum after sputtering by 400 eV Xe ions for 8 minutes.
During sputtering substrate temperature was maintained at 370 °C. We observe a
large decrease of the Bi (101 eV) peak-to-peak intensity to about 8% of its value
before sputtering. The AES signal from Si and Ge shows a slight increase due to
the removal of the Bi overlayer. The Si signal at 92 eV is higher in magnitude
than the Ge signal at 52 eV due to the higher auger sensitivity of Si compared
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Figure 7.3: (a) Auger electron spectrum of 6 BL Ge/Bi/Si(111) before sputtering
showing the prominent peaks of Si, Ge and Bi at 92, 52 and 101 eV. (b) Auger
electron spectrum of 6 BL Ge/Bi/Si(111) after sputtering shows the reduction of
AES signal from Bi at 101 eV to be reduced to 8% of its value before sputtering.
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to Ge (factor of 20). Since the peak-to-peak magnitude of an Auger peak in a
differentiated spectrum generally is directly related to the surface concentration
of the element, which produces the Auger electrons, we conclude that the Bi
monolayer is removed from the surface under these sputtering conditions. The
Ge/Si film is clean and has no contamination by Oxygen and Carbon gases as
can be seen by absence of their peaks in the Auger spectra.
To confirm the complete removal of the Bi and to estimate the surface mor-
phology after sputtering we performed STM measurements. In our preliminary
experiments, we had quenched the substrate to room temperature immediately
after sputtering. However, we found that although the Bi monolayer was removed,
the atomically resolved image of the surface showed a disordered reconstruction
as can be seen in Figure 7.4(a). The dark regions are 1 BL deep while the bright
regions are 1 BL high islands. The reconstruction on the surface is disordered.
In order to have a long-range atomic order it is necessary to anneal the sample
at 480 °C for 8 minutes after sputtering. This combination of sputtering and
annealing yielded a smooth 2D Ge film with a clear (7 × 7) reconstruction.
An image of the surface morphology following ion sputtering and annealing of
20 BL Ge/Bi/Si (111) is displayed in Figure 7.4(b). The surface is flat, smooth
and two-dimensional. No 3D islands are present on this film. Generally the
removal of atoms from a surface by sputtering does not occur uniformly over the
bombarded area. Thus, during sputtering a surface topography develops which
is mostly different from that of the original state. However, after Bi removal, the
Ge film remains flat and smooth without breaking up. It is expected that during
sputtering, around two bilayers of Ge have been removed as well. This can also
be seen from the STM image of Figure 7.4 (c). The islands are 1 BL high and
in some areas of the film we see 1 BL height depressions as well. The two bilayer
Ge removal can explain the presence of depressions. A few holes, approximately
1 nm deep, can also be seen.
A further magnification of the film surface can be seen in Figure 7.4(d). The
surface has predominantly the Ge (7 × 7) reconstruction and also some areas of
disordered atoms. This 7 × 7 reconstruction is expected due to a modification of
the classical Ge (111) reconstruction caused by the stress fields on the surface. It
is generally observed on relaxed Ge islands [3, 65]. The atoms in the disordered
regions could not diffuse to the proper crystalline sites during the annealing
performed after sputtering. The absence of the (
√
3×√3) reconstruction confirms
the Bi removal.
7.4 Deposition of Ge on the sputtered film
Now that the surfactant is removed and the Ge film is smooth and two-dimensional,
it would be interesting to see the result of deposition of a few bilayers of Ge on the
sputtered Ge surface. Therefore, we deposit 5 BL Ge on the sputtered Ge/Si film
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Figure 7.4: (a) An atomically resolved image of the sputtered 6 BL Ge/Bi/Si(111)
film without annealing treatment. Scan size: 56 nm × 56 nm. (b) STM images
of the sputtered Ge/Si film after annealing. Scan over such a large area shows
no 3D islands. Thus after removal of the 1 ML Bi surfactant layer, the film still
retains its 2D nature. Scan size: 1 µm × 1 µm. (c) A magnification of image
(b) shows islands that are 1 BL high. Some areas have 1 BL deep depressions.
Around 3 bilayer deep holes are present in some regions of the film. Scan size:
570 × 570 nm. (d) An atomically resolved image of the sputtered film after
annealing. We can see Ge (7 × 7) reconstruction in most parts of the film. We
also see some disordered areas where atoms have not had sufficient time to order
during annealing. Scan size: 28 nm × 28 nm.
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Figure 7.5: (a) STM images after deposition of 5 BL Ge on the sputtered Ge/Si
film show irregularly shaped 3D islands having flat tops. These islands cover 30
% of the surface and have heights ranging from 3.5 to 5 nm. Scan size: 1 µm × 1
µm. (b) An atomically resolved image of the top of one of such islands. The Ge
(7 × 7) reconstruction is observed. The holes are 3 bilayers deep. Some white
spots are to be seen. They are amorphous clusters. Scan size: 57 nm × 57 nm.
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to see if it grows flat or islanding occurs. Figure 7.5(a) shows the STM image
after deposition of 5 BL Ge on the sputtered Ge/Si film. We see a few irregularly
shaped 3D Ge mesas having flat tops. The height of these islands ranges from
3.5 nm to 5 nm. They cover about 30 % of the surface area. This seems to be an
unexpected result. If Bi surfactant mediated epitaxy had completely relaxed the
lattice constant of the Ge film to its bulk value at 20 BL Ge coverage then we
would expect further Ge growth on the sputtered film to be two-dimensional. An
atomically resolved image on top of one of such 3D island can be seen in Figure
7.5(b). We clearly see the Ge-7 × 7 reconstruction and also a region showing
(
√
3 × √3) reconstruction which may also be due to Ge. From initial studies
it was the general belief that once the misfit dislocations are introduced in the
Ge/Si interface in surfactant mediated growth, they balance exactly the lattice
mismatch between Si and Ge and the Ge film at the surface is fully relaxed to its
bulk lattice constant [14]. However, recently an experimental study on evolution
of surface and film stress during Sb surfactant mediated heteroepitaxial growth
of Ge on Si (111) was done using a sample bending and optical defection setup
[66]. They found that the Ge film is not fully relaxed to its bulk Ge lattice con-
stant for the initial 20 BL. Therefore there is still some small amount of lattice
mismatch between the 20 BL partially relaxed Ge / Si (111) substrate and the 5
BL Ge deposited film . This residual lattice mismatch leads to the formation of
Ge mesas on deposition of 5 BL Ge on the sputtered surface.
7.5 Summary
The removal of the 1 ML Bi surfactant from the surface of the Ge/Si film without
breaking the underlying smooth two-dimensional Ge film has been demonstrated.
The process used is atomic layer removal by sputtering with low energy Xe ions.
After removal of the surfactant, the Ge/Si film is still smooth and two-dimensional
and shows the well ordered 7 × 7 reconstruction on the surface. We have tried to
examine if the lattice constant is fully relaxed to bulk Ge value in the 20 BL Ge
coverage by further depositing 5 BL Ge on the sputtered film. We observe the
newly deposited Ge atoms forms 3D islands and not the expected two-dimensional
Ge film. We conclude that the lattice mismatch in the Ge film is not completely
but only partially relieved by 20 BL Ge coverage.
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Chapter 8
Summary
Because of their potential applications in high-speed electronics, infrared de-
tection devices and their compatibility with Si processing, heterojunctions and
nanostructures formed from GeSi layers have attracted considerable interest in
recent years. A real-space, atomic-level elemental identification allows a true de-
termination of the origin of intermixing and the role of intermixing in surface
morphology, stress modification, and composition fluctuations in growth. Scan-
ning tunneling microscopy (STM) is, of course, capable of imaging surfaces on the
atomic scale, and has provided many breakthroughs in understanding the Si and
Ge epitaxial growth, but distinguishing Ge from Si, the first step in SiGe com-
position imaging has not been successful and has been considered as extremely
difficult because of the electronic and chemical similarities of Ge and Si.
Ge is now emerging as a viable candidate to augment Si for CMOS device
and optoelectronic applications, making it essential to develop new methods for
heteroepitaxial growth of Ge on Si. This is not straightforward due to the large
lattice mismatch (4.2%) between Ge and Si, which limits the quality of the het-
eroepitaxial growth. First, above the critical thickness, misfit dislocations form
to relive the stress and subsequently thread to the surface making it unsuitable
for any device application. Second, growth of Ge on Si results in island morphol-
ogy which leads to large surface roughness. The heteroepitaxial growth process
of Ge on the Si surface, by molecular beam epitaxy, has been improved by prior
deposition of group V elements (As, Sb and Bi). These elements act as sur-
factants and promote the layer-by-layer (Frank-van der Merwe) growth process.
The additional electrons of the surfactant atoms saturate the dangling bonds of
the substrate atoms and produce low-energy, chemically unreactive surfaces. The
surfactant therefore tends to float on top of the film.
In this thesis, an interesting role of the surfactant has been investigated and
utilized for creating Ge-Si nanostructures and for exploring the subject of surface
Ge-Si intermixing. It has been demonstrated that it is possible to differentiate
between Si and Ge areas when a single ML of Bi covers them. A difference in
apparent height is measured in scanning tunnelling microscopy (STM) images.
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The Ge-rich areas appear higher than Si-rich areas. One possible explanation
for the observed height difference between the Si and Ge areas is a different
electron density of states for Bi bond to Si and Ge, respectively. This can lead
to the observed different apparent heights. This explanation is confirmed by the
fact, that the measured height difference shows a pronounced dependence on the
applied bias voltage.
Si-Ge nanostructures are fabricated using Bi as surfactant to prevent displac-
ing adsorption between Si and Ge. With the Bi overlayer one can distinguish
between Ge and Si rich areas in STM. An approach to create structures such as
two-dimensional nanowires would be to use preexisting steps as templates and
deposit Ge and Si alternatingly in the step flow growth mode. On the other hand,
fabricating structures such as nanorings would require ultra low deposition rates
so that the deposited atoms are not able to reach the steps but rather they attach
to the islands on the terraces.
The method to distinguish between Si and Ge allows to study intermixing on
the nanoscale and to identify the fundamental diffusion processes giving rise to
the intermixing. A calibration experiment is performed to find out the relation
between the apparent height difference and the Ge concentration in the surface
layer. Experiments are also performed to find out the contribution to the apparent
height difference from the Ge present in the subsurface layer. In the next step,
we induce Ge/Si intermixing by varying growth conditions such as temperature,
deposition rate and by post growth annealing. In this way, we separately identify
and study lateral intermixing, vertical intermixing and also introduce a new type
of vertical intermixing termed growth front induced intermixing. A model is
proposed to estimate change in the Ge concentration in the surface layer with
time. The values of the activation energies of Ge/Si exchange and Si/Ge exchange
are estimated by fitting the experimental data to the model. Post annealing
experiments indicate that the Ge/Si vertical intermixing supports the model of
two layer intermixing up to annealing temperature of 480 0C. This implies that
the vertical intermixing is restricted between the top two surface layers. We
were not able to observe any lateral intermixing even after long time annealing
as the Ge-Si interface remains sharp. The reason for non observation of lateral
intermixing is that while we are very sensitive to vertical intermixing (∼ 3 A˚), we
are not so sensitive to the lateral intermixing due to the limited lateral resolution
in our STM images. Step speed strongly affects the Ge-Si intermixing as faster
speeds allow lesser time for growth front induced intermixing leading to a higher
apparent height difference as compared to slower step speed.
We also discuss the Ge/Si intermixing on surfaces with different reconstruc-
tion, such as the 1/3 ML Bi (
√
3 × √3) reconstruction and the Si (7 × 7) re-
construction. The vertical Ge/Si intermixing is more in the surface with the Si
(7 × 7) reconstruction as compared to the surface with 1/3 ML Bi (√3 × √3)
reconstruction.
Any attempt to utilize surfactant mediated growth must be accompanied by
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a thorough study of its effect on the the system being investigated. Thus, an
extensive study of the Bi surfactant mediated growth of Ge on Si(111) surface as
a function of Ge coverage has been performed as well. The growth is investigated
from the single bilayer Ge coverage till the Ge coverage of about 15 BL when the
further Ge deposition leads to two-dimensional growth. A similarity in the growth
mode in Bi surfactant mediated epitaxy (Bi-SME) and simple Ge/Si epitaxy is
observed. In both epitaxies, mesa-like 3D Ge islands are formed which have
dislocation network at their bases. These Ge mesas increase in height and in
lateral dimensions with increasing Ge coverage. While the Ge mesas in SME
coalesce and grow as a 2D film after the Ge film thickness exceeds 3.4 nm, the Ge
mesas in Ge/Si epitaxy continue to grow without coalescing. The novel type of
growth behavior of Ge on Si(111) seen when Bi is used as a surfactant, is different.
In this case, the strain built up due to lattice mismatch between Si and Ge is
relieved by the spread of the dislocation network at the Ge/Si interface in the
following way. As soon as the 2 BL pseudomorphic Ge wetting layer is completed,
irregularly shaped mesa-like Ge islands are formed on the film surface. All these
mesas have a periodic dislocation network confined at their bases whereas the
wetting layer in the area between these mesas is still under compressive stress.
This implies that the relaxation of the compressively strained Ge film has started
in those parts of the film, which are covered by mesas. With further deposition
of Ge, these mesas grow in height and extend laterally on the film spreading
the dislocation network over the film. Thus with increasing Ge coverage, the
compressively strained Ge film or wetting layer shrinks. Finally at coverage of 15
BL these mesas have coalesced which means that now the entire film-substrate
interface has periodic dislocation network. A smooth relaxed two-dimensional
Ge film having sub-angstrom height undulations on its surface can be observed.
Further Ge deposition continues the 2D layer-by-layer growth of Ge on Si.
For the technological application, the quick removal of surfactant from thick
Ge films is desirable. A complete removal of the 1 ML Bi surfactant from the
surface of the Ge/Si film in-situ is demonstrated without breaking the underlying
smooth two-dimensional Ge film. The process used is atomic layer removal by
sputtering with low energy Xe ions. After removal of the surfactant, the Ge/Si
film is still smooth and two-dimensional and shows the well ordered (7 × 7)
reconstruction on the surface. On this template, we deposit 5 BL Ge. The newly
deposited Ge atoms forms 3D islands and not the expected two-dimensional Ge
film. This can be explained by the fact, that at around 20 BL Ge coverage, the
lattice constant of the Ge film is not completely but only partially relaxed to the
bulk value.
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